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ABSTRACT 


‘Buildings  designs  intended  Co  reals*  external  blest  loads  In  the  law 
pressure  range  are  typically  steel  frame  structures  with  strengthened 
steel  panel  or  cast-in-placs  concrete  wall  system.  During  the  design  of 
the  MSAAP  Load,  Assembly  and  Pack  (LAP)  production  line,  strengthened  pre¬ 
cast  panels  were  developed  as  the  primary  structural  element  for  well 
system.  The  use  of  this  concept  was  found  to  offer  significant  advan¬ 
tages  in  cost,  aesthetics,  end  quality  control  during  construction.  The 
~ost  comparison,  design  analysis  methods,  and  details  of  construction  are 

e 

r 

\ 


discussed 


Hilt  paper  la  a  raault  of  studies  and  cnalyele  perforaad  during  tha 
design  of  tha  LAP  Area  by  Hayes,  Ssay ,  Hsttarn  and  Hattarn  under  M»D 
Contract  DACA87-78-C-0001.  Richard  Saolcn,  DRCPM,  Carl  Manley,  iWMSD-PH, 
and  Bob  Deapaey,  HNDED-SO,  supported  the  required  study  efforts. 

Particular  acknowledgaaent.  goes  to  Stare  Clinton  of  HSMt,  who  performed  or 
managed  the  structural  design  on  this  project. 


INTRODUCTION 


This  paper  describes  an  application  of  pracaat  concrete  sandwich  panel* 
to  wall  ayrteas  Intended  to  reelat  low  level  blaet  overpressures  (less 
than  6  pai).  Development  of  thia  ayatem  occurred  during  the  dealgn  of  the 
Mississippi  A ray  Ammunition  Plant  (MSAAP).  This  plant  la  totally  new  and 
Intended  to  produce  the  155mm  M483  A1  Improved  Conventional  Munition.  The 
overall  facility  Includes  Projectile  and  Cargo  (M42  or  M46  grenedea)  Metal 
Parts  Manufacturing  Buildings,  a  Load,  Assembly  and  Pack  (LAP)  Area  which 
is  the  subject  of  this  paper,  and  all  necessary  supporting  facilities  for 
production  operations. 

The  MSAAP  is  the  largest  single  effort  of  the  Munitions  Production  Base 
Modernization  and  Expansion  (MPBME)  Program.  The  MPBME  Project  Manager's 
(DRCPM)  Office  (SARPM-PBM)  Is  located  at  Picatinny  Arsenal.  The 
Huntsville  Division,  US  Army  Corps  of  Engineers,  is  responsible  for 
overall  management  of  Corps  of  Engineers  support  for  the  program.  Because 
of  the  size  of  the  project,  MSAAP  was  divided  into  several  separate  design 
and  hid  packages.  Figure  1  show 3  the  magnitude  of  some  of  the  larger 
construction  packages.  Criteria  development  was  performed  by  Kaiser 
Engineers  under  contract  to  the  Huntsville  Division  (HND).  Actual  design 
of  the  LAP  Area  and  the  structural  system  described  in  this  paper  was  per¬ 
formed  by  Hayes,  Seay,  Mattern  and  Mattern  (HSMM)  under  an  Architect- 
Engineer  contract  with  HND. 

CRITERIA  BACKGROUND 

Extensive  process  and  facility  criteria  development  was  conducted  to 
assure  the  most  efficient  LAP  facility  concept.  The  results  of  this  worl- 
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was  a  layout  consisting  of  tvo  parallel  mirror  image  production  linen, 
each  capable  of  providing  50  percent  of  the  required  capacity. 

Appropriate  supporting  facilitlos  were  provided  to  each  production 
building  to  aeaure  Independent  operating  capability.  Coat  optimisation 
atudieo  performed  during  criteria  development  showed  both  conatructlon  and 
operating  economies  resulting  from  locating  the  two  production  buildings 
as  close  together  as  possible  within  the  constraints  of  appropriate  safety 
criteria.  Figure  2  shows  the  main  production  buildings  as  located  on  the 
final  approved  site  aafety  plan.  Based  on  this  site  plan,  each  main  pro¬ 
duction  building  was  hardened  to  protect  it  from  the  maximum  credible 
explosive  event  in  the  other  production  building  or  its  supporting  facili¬ 
ties.  Figure  3  shows  the  potential  donors  on  the  north  production  line 
for  which  the  south  production  building  had  to  be  hardened.  Since  the  two 
lines  ore  mirror  images,  the  hardening  level  was  the  same  for  either 
building.  Figure  4  shows  the  Idealized  pressure  time  history  for  each 
donor.  These  were  used  to  design  the  production  building  wall  systems, 
roof,  and  framing. 

A  unified  architectural  approach  to  all  buildings  within  MSAAP  was  also 
developed  during  criteria  preparation.  The  goal  was  use  of  precast  concrete 
at  first  floor  levels  with  metal  panels  above.  This  philosophy  was  to  be 
maintained  in  the  LaP  Area  if  economically  justified.  During  the  preliminary 
design  phase,  HSMM  was  requested  to  provide  preliminary  design  analysis  for 
both  precast  concrete  and  strengthened  eteel  deck  wall  systems.  Cost 
comparisons  would  then  be  performed.  Although  previous  experience  had  shewn 
that  cast-ln—place  concrete  could  provide  the  desired  architectural  effect 
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•a  wall,  a*  tha  required  hardening,  it  was  hoped  tha  Inherent  «dnntd|*i  o t 
pracaat  conn t ruction  could  be  utilised. 

DggIGH  COW8IDR1ATIOII8 

Prior  to  RSNH  beginning  tha  design  evaluation  of  wall  •yatame-,  certain 
background  lnfotaction  already  existed.  Previous  studlaa  conducted  by  BHD 
on  other  projects  had  chown  the  capability  of  concrete  walla  both  precast 
and  caat  in  place  to  resiat  low  overpressures  with  little  or  no  modifies- 
tlon.  The  minimum  reinforcing  required  by  building  code  and  for  deed  loed 
during  handling  and  erection  can  provide  appreciable  capability  to  resiat 
overpressure  if  adequate  connection  details  are  present,  fox  example. 
Figure  5  shows  the  approximate  overpressure  resistance  capability  of  a 
typical  precast  wall  panel  from  the  Cargo  Metal  Parte  building  at  MSAAF. 
Bleat  loads  were  not  a  design  requirement  for  the  Cargo  Building  wall 
system.  However,  if  the  connections  were  adequate,  the  precast  panel 
shown  could  sustain  a  a! golf leant  blast  lead  with  some  yielding  but  no 
failure. 

/.structural  advantage  of  precast  panels  la  the  capability  to  span 
greater  distances  than  natal  deck  under  coeparable  loads,  ’/his  allowed 
spanning  floor  to  save  on  the  LIP  Production  Building,  a  single— story 
structure.  Since  there  was  a  dust  hasard  in  these  buildings,  a  smooth, 
washable  wall  surface  waa  a  criteria  requirement.  In  addition,  tha  elimi¬ 
nation  of  Intermediate  girts  was  also  desirable  since  they  acted  ee  dust 
collecting  arses.  Energy  conservation  requirements  also  dictated  an  insu¬ 
lated  wall  system.  Because  of  the  interior  washdown  requirement,  insula¬ 
tion  had  to  be  incorporated  on  the  exterior  face  of  both  the  precast  and 


the  «t«l  dfck  xyiCwu.  It  could  be  coot  integrally  In  the  precast 
panels,  figure  6  shows  thu  design  configuration  of  both  wnll  system*  uoed 
to  develop  cost  comparison*.  Ths  resulting  unit  construction  costs  are 
shown  diructly  beluv  each  concept.  The  total  savings  for  both  production 
buiildingo  vers  expected  to  exceed  $200,000. 

The  simplicity  of  the  precast  sandwich  penal  compared  to  the  metal  deck 
well  system  is  obvious.  El lei net inf  the  concrete  wainscot  end  intermediate 
glrto  provided  a  superior  functional  surface  as  well  as  substantially 
reducing  labor  costa.  The  final  configuration  of  the  precast  panels 
selected  for  design  consisted  of  sn  8  1/4  inch  thick  structural  penal,  3/4 
inch  of  polyurethane  Insulation  and  3  Inches  of  exterior  finish  concrete 
over  the  insulation  for  a  total  panel  thickness  of  12  inches.  Figure  7 
shows  the  selected  configuration. 

The  results  of  the  cost:  comparison  confined  the  econoalc  viability  of 
using  precast  panels  as  the  desired  LAP  Production  Building  wall  systew. 

The  wall  panels  were  designed  as  one-way  simply  supported  elements  sub¬ 
jected  to  the  overpressure  time  histories  preaanted  errller  (Figure  4). 
Panel  design  was  based  on  the  material  properties  and  design  constraints 
given  In  Table  1 .  Results  of  a  typical  dynamic  analysis  of  s  panel  for 
one  of  the  maximum  load  conditions  are  given  in  Figure  ft. 

As  experienced  designers  know  and  experience  has  shown,  a  primary 
structural  element  is  only  as  good  as  its  connection  details.  A  great  desl 
of  thought  went  into  developing  details  Chet  would  assure  proper  function 
of  the  wall  panels.  Figure  9  shows  a  plan  view  and  typical  section 
through  one  of  the  main  production  buildings.  The  overall  structural 
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system  consists  of  rigid  frames  with  ths  wall  system  supported  on  con- 
tinuouo  footings  and  attached  to  ths  fraas*  at  ths  «avm  girt.  Ths  saws 
girt  transfers  the  reactions  from  the  precast  panels  to  the  rigid  fraaes 
st  the  column  to  roof  girder  joint.  Because  of  the  length  of  the  building 
and  the  poor  soil  conditions  at  the  MSAAP  site,  individual  precast  panels 
were  not  rigidly  attached  to  each  other.  Panels  were  set  in  a  notch  in 
the  footing  wall.  The  top  of  each  panel  was  attached  to  the  eave  girt 
with  connections  that  allowed  both  horizontal  and  vertical  aoveaent. 

Figure  10  shows  typical  details  at  the  footing  wall  and  at  the  save  girt. 
Using  this  approach,  any  settlement  of  the  continuous  wall  footing  would 
be  accommodated  by  incremental  settlement  of  Individual  wall  panels. 

Figure  11  shows  an  exaggerated  exaaple  of  such  a  condition.  Details  of 
the  type  in  Figure  10  will  assure  proper  transfer  of  blast  loads  normal  to 
the  wall  into  the  framing  system  even  under  the  exaggerated  conditions 
shown  here. 

DYNAMIC  RESPONSE 

An  with  any  transient  load  condition,  the  dynamic  response  of  the 
structural  system  Is  s  function  of  the  relationship  of  the  duration  of  the 
applied  load  to  the  natural  period  of  the  structure.  The  selected  wall 
system  resulted  in  load  paths  which  were  particularly  advantageous  from 
the  standpoint  of  minimizing  the  structural  response  of  the  building  rigid 
frames.  Figure  12  shows  two  idealized  transient  loads  on  the  column  of  a 
typical  building  rigid  frame.  Figure  12(a)  represents  the  loading  on  the 
blastward  column  of  the  building  frame  If  a  metal  panel  wall  system  with 
Intermediate  girta  was  used.  The  second  represents  the  loading  resulting 


fro*  the  precast  vail  type  system.  Upon  computing  the  period  of  vibration 
Tfl,  and  the  time  to  maximum  response  Ta,  iom  important  propartlaa  of  aach 
ayataa  becoaia  evident.  The  coluan  with  Intermediate  girts  is  loaded  by 
transverse  tlaa  dependant  loads  between  its  end  supports,  the  floor  and 
the  roof  glrdar.  This  loads  the  coluan  as  a  beam.  The  natural  period  of 
the  baa*  loaded  In  thla  manner  is  short  whan  coapared  to  the  duration 
of  the  pressure  tlaa  hlatory  of  the  design  lead,  l.a.,  Tj/Tfj  ration  are 
between  2  and  4.  Assuming  elastic  response  of  the  main  framing,  Figure 
13(a)  shown  the  equivalent  dynamic  load  factor  (DLF)  in  this  range  varies 
between  1.5  and  1.9.  The  time  to  maximum  response  can  also  be  determined 
from  Figure  13(b).  In  effect,  intermediate  transverse  loads  on  e  column 
result  In  a  beam  mode  responee  of  a  duration  less  than  that  of  the  design 
bleat  load.  This  results  in  high  effective  dynamic  load  factors.  In 
addition,  the  column  is  subjected  to  an  axial  cowpreesive  load  as  the 
blest  load  traverses  the  roof.  This  load  is  present  during  the  same  time 
period  as  the  column  la  being  subjected  to  its  maximum  bending  load. 

Figure  14(a)  shows  an  idealised  time  history  of  the  applied  loads  on  the 
coluan.  In  addition,  the  coluan  will  see  a  loading  due  to  frame  sldesway. 
The  Interaction  of  these  time  dependent  loadings  results  in  a  severe 
loading  on  the  coluan  and  this  is  reflected  by  the  required  member  sise 
used  in  Figure  12(a). 

Now  examination  of  the  column  loading  resulting  from  the  precast  panel 
walls  reveals  a  totally  different  dynamic  response  mechanism.  The  precast 
penal  wall  system  dunps  the  transverse  load  into  the  building  freaw  at  the 
floor  and  at  the  roof  girder.  Thus,  no  intermediate  transverse  loads  are 
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present  to  cxclt*  tha  column  An  an  end-supported  beam  banding  mode <  Tha 
column  in  In  fact  loaded  first  by  tha  axial  load  due  to  tha  blast  warm 
traversing  tha  roof,  and  than  some  tlaa  later,  by  banding  due  to  frame 
sldaemay.  Because  tha  natural  period  of  tha  building  fraaa  in  tha 
aidesmy  mode  la  substantially  longer  than  tha  duration  of  tha  applied 
load,  tha  dynamic  load  factor  is  significantly  reduced.  In  fact  for  tha 
final  framing  system  used  on  tha  LAP  buildings,  ratios  of  T,j/T  wars  lass 
than  0.2.  Reference  to  Figure  1.1  shown  the  greatly  raduced  DLF  for 
response  of  this  type.  Figure  14(b)  shows  an  idealised  plot  of  tha  time 
history  of  tha  appllad  loads  for  the  frame  columns  result lug  from  use  of 
tha  precast  wall  eye tern.  Becauae  tha  maximum  column  banding  occurs  at  ta 
of  the  frame  sldeeway  mode,  tha  applied  load  has  already  decayad  substan¬ 
tially  and  column  design  loads  are  greatly  reduced.  This  is  reflected  in 
the  else  of  the  column  uaad  with  the  precast  system  (Figure  12(b))  ae  com¬ 
pared  to  the  column  required  for  the  metal  deck  wall  system. 

FABRICATXOH  AMD  C0W8TR0CTIBILITT 

The  details  of  the  procaet  coucrete  sandwich  panels  were  generally 
typical  of  those  used  in  conventional  building  daslgns.  Discussion  with 
precast  firms  during  design  and  bid  periods  revealed  no  difficulties  with 
the  panels  as  designed.  Precast  structures  are  widely  used  commercially 
Xu  tha  area  where  the  MSAAP  alts  la  locatad.  Tha  Projectile  and  Cargo 
Metal  Parts  Buildings  both  using  precast  wall  systems  were  undar  contract 
at  tha  time  tha  LAP  Area  was  bid.  As  a  result,  good  bids  ware  obtained. 
Actual  construction  went  smoothly  and  revealed  no  difficulties  that  would 
differentiate  this  wall  system  from  a  nominal  precast  system. 


comcumom 


o  Precast  concrete  |mm1«  cm  tullf  end  economically  b«  designed  to 
resist  low  owrpr«(Mr*i. 

o  Th#  typical  «dnikM|ta  of  a  pracast  system  over  othar  systems  atill 
apply  tor  strengthened  ayatcaa.  Anong  thaaa  axa  improved  quality  control 
and  apaad  of  construction. 

o  Thu  ability  of  panala  to  apan  fris  floor  to  save  g* naratad  economise 
in  tha  staal  framing  da*i|fi. 

o  Connection  design  la  tha  most  critical  feature  in  aaaurlng  tha 
structural  adequacy. 

o  Tha  system  will  generally  ba  applicable  to  other  single-story  struc¬ 
tures  subjected  to  conventional  explosive  loadings  of  similar  durations. 

o  The  resultant  smooth  interior  surface  flnlah  with  no  glrta  was 
functionally  superior  to  that  of  a  metal  deck  syatea. 

o  Precast  wall  ays tans  provide  an  aesthetically  pleasing,  economical 
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MSAAP 

MAJOR  CONSTRUCTION 
CONTRACTS 


PROJECTILE  METAL  PARTS  FACILITIES 

CARGO  METAL  PARTS  FACILITIES 

«LAP  300  AREA 

OTHER  SUPPORT  FACILITIES 
UNDER  MULTIPLE  CONTRACTS 


47,  261,  480 
15,  434,  626 
31,  027,  228 

82,  142,  840 


TOTAL  CONSTRUCTION  (21  JULY  1882)  175,866,174 
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MATERIAL  PROPERTIES 
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DYNAMIC  ANALYSIS 
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S. DESIGN  LOADING 
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4.  DYNAMIC  ANALYSIS 
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STIFFNESS,  K^-7.  3  PSJ/ IN. 

ELASTIC  DEFLECTION  X  .= 0.6806  IN. 
T/Tn  - 105/84-1.  26 
B/Rg-4.  22/4.  97-0.  85 
MAXIMUM  DEFLECTION  X,/X#«1.57 
X„- 1.071  IN.  0.  K. 


ANALYSIS  OF  TYPE  III  PANEL 


FIGURE  9 


959 


»«rr\Ttv  v-T’ »w! »  ^ifn|i^i"iiiA’,>)n->F,^ jpwh^wi 


vifKvm 


v  wff  wmQ 


>¥ 


FRAMES  40  SPACES© 18'  -2* 


PLAN  VIEW 

PRODUCTION  BUILDING 


FIGURE  S 


960 


STRUCTURAL  TEE 
BOLTED  TO  PRECAST 
PANEL— \ 


r~  STRUCTURAL  TEE 
I  BOLTED  ID  EAVi->G 


GIRT 


'  0 


VERTICAL  SLOTS 


—  HORIZONTAL  SLOTS 


UPPER  CONNECTION  OF  PANEL 


PRECAST  PANEL  - 


WALL  FOOTING - . 


FLOOR  SLAB 


LOWER  CONNECTION  OF  PANEL 


FIGURE  10 


961 


UPPER  PANEL  CONNECTION 
ALLOWS  MOVEMENT  VERTICALLY 


EXAMPLE  OF  INCREMENTAL  SETTLEMENT 


FIGURE  11 


Ff  *} 


F(tl 

COLUMN 

WlOxlOO 


(o) COLUMN  RESPONSE  WITH  STEEL 
PANEL  WALL  SYSfEM 


F(  t)  — 


COLUMN 
W  10x66“ 


DESIGN 

LOADING!  FIG.  4) 

PARAMETER 

(2) 

P 

4.22  PSI 

5.26  PSI 

T 

105  ms 

40  ms 

T* 

675  ms 

675  ms 

T/T* 

0.  16 

0.  06 

DLF 

0.  44 

0.  20 

Tm 

256  ms 

182  ms 

DESIGN 

LOAOINC 

K  FIG.  4) 

PARAMETER 

P 

4.22  PSI 

5.  26  PSI 

T 

105  ms 

40  ms 

Tm 

25  ms 

25  ms 

T/Tm 

4.2 

1.6 

DLF 

l.A 

1.7 

_ la _ 

11.1  ns 

1  i .  5  ms 

(  b) COLUMN  RESPONSE  WITH  PRECAST 
CONCRETE  WALL  SYSTEM 


FIGURE  12 


LOAD 


(a) IDEALIZED  TIME  HISTORY  OF  COLUMN 
WITH  METAL  PANEL  WALLS 


LOAD 


<b> IDEALIZED  TIME  HISTORY  OF  COLUMN 
WITH  PRECAST  PANEL  WALLS 


FIGURE  14 


Q 


965 


Tibbie  i 


DESIGN  CRITERIA 


I.  PRECAST  CONCRETE  SANDWICH  PANELS 

A.  STATIC  MATERIAL  PROPERTIES 
F'c  -5,  OOO  PS  I 

Fy-60,  000  PS  I 

B.  DYNAMIC  MATERIAL  PROPERTIES 
F'*-1.25F'C 
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C.  DEFLECTION  CONSTRAINTS 

3 

I  I.  BUILDING  MAIN  FRAMING 

A.  STATIC  MATERIAL  PROPERTIES 
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B.  DYNAMIC  MATERIAL  PROPERTIES 
?*«<  J.  DFy 

C.  DEFLECTION  CONSTRAINTS 

MAIM  FRAMING  REMAIN  ELASTIC,^*1 
9*  2* 

SIDE  SWAY*  0/ 50 
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R.  W.  Si me 

Black  &  Veatch,  Consulting  Engineers 
Kansas  City,  Missouri 


ABSTRACT 

The  procedure  for'  designing  facilities  for  Army  Ammunition  Plants 
should  be  based  on  increased  safety,  reduced  maintenance,  reduced  energy 
consumption,  and  reduced  costs.  The  prioiary  objective  for  the  development 
of  the  Architectural  Standard  Details  is  to  enhance  safety  and  achieve 
uniformity  of  design.  The  other  benefits  obtained  are  possible  by¬ 
products.  Black  &  Veatch  was  engaged  to  develop  details  for  use  in  design 
and  construction  of  buildings  iu  which  nitroglycerin,  nitrocellulose,  and 
single  base  and  multibase  propellants  are  manufactured.  This  paper 
discusses  the  objectives,  background,  construction  design  requirements,  use 
of:  standard  details,  typical  details,  and  the  procedure  for  making  future 
changes  to  conform  to  advances  in  technology,  architectural  practice,  or 
changes  required  by  actual  field  performance  of  certain  standard  details. 
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INTRODUCTION 


For  many  years  the  Government  has  constructed  Army  and  Navy  aaanmition 
plants  throughout  the  country  iu  association  with  commercial  producers. 
Manufacturing  plant  structures  were  designed  incorporating  specific 
requirements  imposed  by  plant  operating  contractors  for  the  particular 
function  of  a  structure  and  specific  requirements  of  the  type  of  explosive 
or  propellant  end  product.  Architectural  details  were  developed  by  plant 
operating  contractors,  engineering  firms  engaged  in  plant  design,  and 
supervising  government  agencies.  Many  of  the  architectural  details  were 
developed  with  safety  considerations  specifically  in  mind  and  were  origi¬ 
nated  by  plant  designers  in  order  to  protect  plant  personnel  from  the 
effects  of  explosives  manufacturing  accidents.  In  many  cases,  each  plant 
operator  or  commercial  producer  developed  unique  building  designs  and 
standard  details  for  tb  sir  own  manufacturing  processes .  Architectural 
details  no  doubt  changed  or  were  modified  as  a  result  of  lessons  learned 
from  operating  experience*  >  and  as  building  technology  changed  through  the 
years . 

BACKGROUND 

During  early  197b  the  DARCOM  Project  Managers  Office  (DRCPM)  for 
Munitions  Production  Base  Modernization  and  Expansion  Agency  (currently 
U.S.  Army  Munitions  1‘roduction  Base  Modernization  Agency)  requested  the 
U.S.  Army  Engineer  Division,  Huntsville  (USAEDH)  to  prepare  standard  details 
for  use  in  the  design  and  construction  of  buildings  in  which  nitroglycerin, 
nitrocellulose,  single  base  and  multibase  propellants  are  manufactured. 
The  primary  objective  of  this  effort  was  to  enhance  safety  snd  achieve 


standardisation  with  possible  coat  reductions.  A  document  was  prepared  by 
USAEDH  entitled  “Standard  Details  Study  for  NO,  NC,  SB  &  KB  Facilitiaa.” 

This  document  defined  the  technical  requirements,  scope,  approach,  and 

\ 

resources  required  for  developing  the  standard  details.  The  document 
contained  pertinent  safety  regulations  required  by  the  Safety  Manual,  AMCR 
385-100,  and  current  practices  utilized  in  the  modernization  and  expansion 
program  for  facilities  used  in  the  manufacture  of  explosives  and  propel¬ 
lants.  In  addition,  it  outlined  the  proposed  procedures  for  development 
and  control  of  standard  details  wb'ch  would  be  utilized  in  the  renovation 
of  old  facilities  and  design  of  new  facilities.  In  1979  DAB  COM  Project 
Managers  Office  authorized  USAEDH  to  proceed  with  the  development  of  the 
standard  details.  Black  &  Veatch  was  then  selected  by  USAEDH  to  develop 
the  standard  details.  This  tusk  was  completed  in  December  1981  with  the 
publication  of  the  "Architectural  Standard  Details  for  Nitroglycerin, 
Nitrocellulose,  Single  Base  and  Multibase  Facilities  at  Any  Ammunition 
Plants, “  which  is  the  basis  for  this  paper. 

For  facilities  susceptible  to  the  contamination  of  nitroglycer in 
liquids  and  vapors,  basic  construction  materials  of  wood  framing,  reinforced 
concrete,  fiberglass  reinforced  plastic,  and  sandwich  panels  were  chosen 
for  development  of  architectural  detcils  incorporating  lead  conductive  floor 
lining,  equipment  doors,  personnel  escape  chutes  and  doors,  ceiling  and  wall 
interfaces,  interior  finishes,  joint  sealing,  door  and  wall  louvers,  wall 
vents,  wall  penetrations,  and  fixed  windows. 

For  facilities  susceptible  to  nitrocellulose,  single  base  and 
multibase  dusts,  the  same  details  could  be  used  with  the  addition  of 


V 

* 


alternate  basic  construction  types.  Six  types  of  construction  were  chosen 
which  included  woodframe,  concrete  aasonry  units,  reinforced  concrete, 
Modified  preengiaeered  buildings,  fiberglass  reinforced  plaetic  and  sand¬ 
wich  panels.  These  were  chosen  for  development  of  architectural  details 
similar  to  those  mentioned  above  for  nitroglycerin  facilities  ercept 
troweled  on  conductive  floor  lining  wsa  to  be  used  instead  oi  lend. 

PURPOSE  AND  OBJECTIVES 

The  purpose  of  the  architectural  standard  details  ia  for  use  in  the 
design  and  construction  of  facilities  used  in  the  manufacture,  maintenance, 
inspection,  end  storage  of  explooive  materials.  To  this  end  two  objectives 
were  sought.  The  requirements  for  this  program  were  to  develop  atandard 
details  for  various  methods  of  construction  utilized  in  Army  ammunition 
plants  today  and  to  develop  details  utilizing  new  materials  of  recent 
development  used  in  similar  industries  having  the  potential  tv  increase 
safety,  increase  energy  conservation,  reduce  maintenance  and  costs.  The 
secondary  objective  was  to  establish  a  procedure  whereby  the  architectural 
standard  details  can  be  updated  to  reflect  "lessons  learned'1  and  to 
incorporate  new  materials  and  techniques  as  they  become  available. 

The  figures  which  follow  represent  typical  nitroglycerin  facility 
architectural  details  appearing  in  the  standard  details.  It  should  b<i  noted 
that  theae  details  Indicate  wood  construction  for  the  NG  f&cilitie*  which 
is  normally  not  allowed  by  AMCR  385-100,  however  these  details  have  been 
reviewed  and  approved  for  use  by  the  Department  of  Defense  Engineering 
8afety  Board  (DDESB) .  In  order  to  comply  with  AMCR  385-100,  approvals  may 
have  to  be  obtained  or  an  individual  project  basis. 
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It  should  tie  stresned  that  it  1*  not  the  intention  that  the  standard 
details  be  need  directly  on  an  aamunition  plant  construction  project  by 
merely  specifying  a  particular  detail  by  drawing  number.  The  details 
should  be  Modified  to  suit  each  particular  Manufacturing  operation  or  ecd 
product  and  ahculd  be  redrawn  on  contract  drawings. 

"All  construction  Materials  shall  be  certified  to  be  CQspitillt  with 
process  materials  and  end  products.  Certification  testa  shall  be  conducted 
on  each  lot  of  construction  naateriols  to  be  uaed  in  the  facility."  The 
foregoing  statement  appears  consistently  on  the  details  und  will  affect  the 
choice  cf  all  materials  including  the  basic  building  construction  system 
chosen,  special  floor  coatings,  conductive  flooring,  interior  finishes  and 
construction  sealants. 

Figures  1  and  2  give  the  basic  floor  design  con# ideretions  which  uhould 
be  followed  during  initial  design  or  Modification  of  munitions  production 
buildings. 


BASIC  FLOOR  DESIGN  CONSIDERATIONS 


•  SURFACES  TO  FACILITATE  CLEANING 


*  OMIT  ALL  CRACKS  AND  CREVICES  WHERE 
EXPLOSIVES  MAY  LODGE 


•  SUBFLOOR  AND  FINISH  FLOOR  SURFACES  MUST 
NOT  WRINKLE  OR  BUCKLE  UNDER  OPERATING 
CONDITIONS 


•  IN  CHEMICAL  MUNITIONS  FACILITIES,  SURFACES 
MUST  BE  SEALED  BY  COATING  OR  TREATING 
TO  PREVENT  AGENT  ABSORPTION  DURING 
SPILLS  SO  THAT  DECONTAMINATION  CAN  BE 
OBTAINED 


•  POROUS  MATERIALS  SHOULD  NOT  BE  USED 
FOR  FLOORING 


•  COATING  OR  SEALING  MATERIALS  MUST  NOT 
REACT  WITH  AGENT 


FIGURE  I 


BASIC  FLOOR  DESIGN  CONSIDERATIONS 


•  SURFACES  SHOULD  BE  CAPABLE  OF  RECEIVING 
REPEATED  WASHINGS  WITH  HOT  WATER 


•  IN  EXPLOSIVE  FACILITIES  a  LOCATIONS  WHERE 
THE  ATMOSPHERE  MAY  CONTAIN  COMBUSTIBLE 
DUSTS.  OR  FLAMMABLE  VAPORS  OR  GASES, 
FERROUS  METAL  SURFACES  SHOULD  NOT  BE 
COATED  WITH  ALUMINUM  PAINT  DUE  TO  THE 
POTENTIAL  SPARKING  HAZARD 


•  NONSPARKING  FLOORS  ARE  REQUIRED  WHERE 
EXPOSED  EXPLOSIVES  ARE  PRESENT 


•  COVE  BASES  AT  THE  JUNCTION  OF  WALLS 
AND  FLOORS  ARE  RECOMMENDED 


•  AVOID  EXPOSED  NAILS,  SCREWS  OR  BOLTS 


FIGURE  2 


Figure  3  indicate*  a  typical  nitroglycerin  facility  "inside  out"  wood 
frane  construction  at  a  concrete  floor  slab.  Note  that  the  exterior  cant 
atrip,  the  lead  conductive  floor  cant  and  the  wood  cap  are  all  sloped  to 
discourage  product  build-up  and  facilitate  cleaning.  Thin  asseably  also 
indicates  spray  on  foan  insulation  as  an  optional  construction  itesi.  At 
Radford  AAP  this  is  a  safety  approved  insulation  systeai.  The  insulation 
received  a  chlorinated  rubber  paint  coating  for  weathering. 
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FIGURE  3 


979 


Figure  4  in  a  detail  of  a  sloped  wood  cap.  Note  that  the  joints  are 
taped  (at  the  top  of  the  cant)  and  caulked  (between  the  lead  flooring  and 
wood  cant)  to  keep  aanufacturing  coaponenta  and  product  out  of  joints.  The 
tape  aaterial  ia  3  inch  wide,  2  ply,  100%  cotton,  grade  B  fabric  with  a  warp 
and  fill  of  approxiaately  78  x  78  and  72  pounda  breaking  atrength.  It 
•hould  be  adhesive  applied  using  a  water  insoluble  nitrile  rubber/resin 
solution.  These  are  commonly  referred  to  as  "Airplane  Fabric"  and 
"Pliobond  20"  adhesive.  Ihe  Fiberfrax  Paper  is  used  below  lead  flooring  aa 
an  insulation  barrier  with  a  low  thermal  conductivity  to  reaiat  heat 
required  for  installation  of  lead  conductive  floor.  Note  also  that  non¬ 
sparking  nails  are  required.  These  are  usually  aluminum  or  brass. 


,1 1/16“, 


CALK 


FACE  OF  PLYWOOD 


SET  WOOD  CAP  IN  BED 
OF  CALK 


TAPE 


NON  -  SPARKING  NAILS 
(INTO  STUDS) 


WOOD  CAP-RABBET  TO 
FIT  TIGHT  AGAINST  LEAD 


CALK 


LEAD  ON  1/8" 
FIBERFRAX  PAPER 


WOOD  CAP  DETAIL 


FIGURE  4 


BASIC  DESIGN  CONSIDERATIONS  FOR  INTERIOR 
SURFACES  OF  WALLS,  ROOFS  AND  CEILINGS 


•  INTERIOR  SURFACE  FINISHES  SHOULD  BE 


SMOOTH 

FIRE  RETARDANT 

CRACK  8  CREVICE  FREE 

JOINTS  TAPED  AND  SEALED 

IF  PAINTED,  COVERED  WITH  HARD 
GLOSS  PAINT  TO  FACILITATE  CLEANING 
AND  MINIMIZE  IMPREGNATION  OF  FINISH 
WALL  AND  CEILING  MATERIALS  WITH 
EXPLOSIVES 


•  FOR  HORIZONTAL  LEDGES  WHICH  MIGHT 
HOLD  DUST 


AVOID  COMPLETELY  OR  BEVEL 


•  IN  CHEMICAL  MANUFACTURING  FACILITIES, 
CONSTRUCT  WALLS  a  CEILINGS  OF  NONPOROUS 
MATERIALS 


t 

i 


FIGURE  5 
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BASIC  DESIGN  CONSIDERATIONS  FOR  INTERIOR 
SURFACES  OF  WALLS,  ROOFS  AND  CEILINGS 

•  WALLS  AND  CEILINGS  MUST  NOT  ABSORB  AGENT, 
MUST  DECONTAMINATE  EASILY  AND  RESIST 
ACTION  BY  LIQUID  OR  GASEOUS  AGENTS 


•  IN  EXPLOSIVES  BUILDINGS,  ROOFS  AND  WALLS 
NOT  SPECIFICALLY  DESIGNED  FOR  PROTECTION 
OF  PERSONNEL  AND  EQUIPMENT  SHALL  BE 
AS  LIGHT  IN  WEIGHT  AS  PRACTICABLE  (WEAK) 
AND  SO  CONSTRUCTED  AND  SUPPORTED  THAT 
THEY  WILL  VENT  AN  INTERNAL  EXPLOSION 
WITH  THE  FORMATION  OF  A  MINIMUM  OF 
LARGE  MISSILES 


•  CONTAINMENT  STRUCTURES  FOR  CHEMICAL 
MUNITIONS  SHOULD  BE  DESIGNED  TO  CONTAIN 
BOTH  THE  FORCES  OF  EXPLOSION  AND  THE 
AGENT  DISPERSED  BY  THE  EXPLOSION 


FIGURE  6 


Figure  7  indicates  a  roof  detail  at  an  exterior  wall.  Note  that  the 
upper  surfaces  of  joists  are  detailed  to  be  canted  to  aininize  dust 
collection  and  that  all  interior  joints  are  taped  to  prevent  eanufacturing 
components  and  product  froa  entering  joints. 
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CANT  STRIP  ON  UPPER  SIDE  OF  ALL 
EXPOSED  JOISTS  OR  COLLAR  TIES  (TYR)- 


EXTERIOR  WALL  AT  ROOF 


Figure  8  utilizes  similar  sloped  car.t  strips,  taped  joints,  sloped 
conductive  floor  cant  jmd  wood  cap  above  lead  flooring.  Note  the  use  of 
non-sparking  aluminum  oi  stainless  steel  exterior  flashing. 


2“  THICK  SPRAY 
ON  FOAM  INSULATION 
(OPTIONAL) - - 


PLYWOOD 
LINING 
WOOD  CAP 


STUD - - 

CANT  STRIP  — 

CALK - 

SOLE  PLATE  - 

ALUMINUM  OR 
STAINLESS 
STEEL  DRIP  — 


BLOCKING 
BETWEEN  JOISTS 


/-l—LEAD  ON  1/8" 
z  FIBERFRAX 
5  PAPER 

WOOD  CANT 


-PLYWOOD 

FLOORING 


-JOIST 


CANT  STRIP 


DOUBLE  PLATE- 


TAPE 


STUD 


PLYWOOD  LINING 


EXTERIOR  WALL  AT  SECOND  FLOOR 


FIGURE  8 
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BASIC  DESIGN  CONSIDERATIONS  FOR 
BUILDING  EXITS  AND  WINDOWS 


•  EXIT  DOORS 


SHOULD  OPEN  OUTWARD 

SHOULD  NOT  BE  FASTENED  WITH 
LOCKS  OTHER  THAN  ANTIPANIC 
CATCHES  OR  OTHER  QUICK  RELEASING 
DEVICES 

SHALL  BE  CASEMENT  TYPE,  GLAZED 
WITH  NONSHATTERABLE  PLASTIC 
MATERIAL 

MINIMUM  OPENING  SIZE’ 

30"  WIDE  BY  80"  HIGH 


•  WINDOWS 


OVERALL  SIZE  OF  WINDOWS  SHOULD 
BE  KEPT  TO  A  MINIMUM 


SHATTER  RESISTANT  PLASTIC 
IS  RECOMMENDED 


GLAZING 


FIGURE  9 
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Figure*  10  and  11  ere  details  for  e  wood  equipment  door.  Here  egelu 
ell  jointa  ere  taped  and  aurfacea  of  the  head  are  canted.  Note  that 
glaaing  is  acrylic  plastic  to  cosily  with  the  Safety  Manual  requirement*. 
Screws  tor  attachment  of  wood  door  frasws  and  viaion  panel  atop*  are 
countersunk  and  caulked.  Jointa  not  taped  arc  sealed  with  caulking.  It 
should  be  noted  hare  that.  Sunflower  AAF  has  had  major  problems  with  exterior 
wood  doors  exposed  to  the  veather.  A  recurring  problem  has  been  the 
delamination  of  wood  door  materials.  This  stay  require  a  change  to  a  more 
weather  resistant  door  material  such  as  fiberglass  reinforced  plastic. 
Details  for  doom  of  this  material  are  included  in  the  architectural 


details. 
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FIGURE  II 


figure  12  is  i  window  detail  indicating  positioning,  for  safety 
reasons,  of  an  exterior  Mounted  light  fixture  for  lighting  the  building 
interior.  Exterior  sad  interior  of  window  sills  are  canted,  including  the 
interior  trio.  All  joints  are  taped.  All  sparkproof  natal  fasteners  are 
countersunk  and  caulked.  Note  that  the  light  fixture  is  bracketed  off  the 
window  jaabs. 
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FIGURE  12 


HARDWARE  CONSIDERATIONS 


•  IN  BUILDINGS  CONTAINING  EXPOSED  EXPLOSIVE 
MATERIALS,  EXPLOSIVE  DUSTS  OR  VAPORS 

HARDWARE  SHOULD  BE  NONSPARKING 
MATERIAL 

•  FASTENERS  SUCH  AS  NUTS  AND  BOLTS  WHICH 
ARE  LOCATED  SO  THAT  ACCIDENTAL  ENTRY 
INTO  EXPLOSIVES  OR  EXPLOSIVE  CONSTITUENTS 
IS  POSSIBLE  SHALL  BE  SECURELY  HELD  IN 
PLACE  BY  BEING  DRILLED  AND  THONGED  OR 
OTHERWISE  SECURED 


FIGURE  13 


r 


This  series  of  slides,  figures  Id  through  It,  iadiostss  *  typical 

I 

arrangeawtnt  of  s  personae l  esespe  doer.  The  door  Is  held  in  piece  by  s  wood, 
pin  end  s  nonsparking  bronze  or  steinless  steel  spring  catch.  In  Figure  15, 
note  thst  this  door  is  detailed  around  a  new  fiberglass  reinforced  plastic 
material.  The  standard  method  for  securing  etcape  doors  Is  by  a  break  away 
hardwood  latch  bar.  Note  that  the  latch  bar  is  grooved  in  the  cents'  near 
the  door  sweeting  stiles  to  pereit  rapid  eacspe  by  breaking  the  latch  bar  by 
pushing  out  on  either  or  both  door  leaves. 

Figures  17  and  18  detail  the  latch  bar.  Note  that  nonaparking  eetal 
is  used  for  all  fasteners  and  thst  the  hardwood  wedge  in  section  C-C  is  set 
in  a  full  bed  of  caulking  so  as  not  to  permit  an  open  joint. 

Figure  19  represecta  two  door  aill  conditiona.  The  pedestrian  door 
sill  is  required  at  locations  where  the  product  is  not  permitted  to  drain 
out  to  Um  exterior.  Note  the  1  in  12  slope  towards  the  interior. 

The  door  sill  for  wheeled  equipment  is  a  flat  aill  meeting  the  entrance 
pavement  elevation  providing  a  level  transition  in  or  out. 
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FIGURE  14 
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FIGURE  15 
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FIGURE  16 
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FIGURE  17 
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FIGURE  18 
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FIGURE  19 


FLOOR  GUTTER  DESIGN  CONSIDERATIONS 


•  GUTTERS  SHOULD  BE  FREE  OF  POCKETS 


•  SUFFICIENT  SLOPE  >S  REQUIRED  (1/4"  PER  FOOT) 


•  DRAIN  GUTTERS  INSIDE  BUILDINGS  MAY  BE 
SLOPED  1/8"  PER  FOOT 


•  DRAINS  BETWEEN  THE  SOURCE  OF  EXPLOSIVE 
AND  SUMPS  SHALL  BE  TROUGHS  WITH  ROUNDED 
BOTTOMS  AND  WITH  VENTILATED  COVERS  TO 
FACILITATE  INSPECTION  FOR  ACCUMULATION  OF 
EXPLOSIVES 


FIGURE  20 
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A  typical  interior  trench  or  floor  gutter  in  shown  in  Figure  21.  Note 
the  rounded  bottom  shape  and  the  canted  or  rounded  bends  of  the  lead 
conductive  flooring.  Also  note  the  requirement  for  rounded  bearing 
surfaces  of  the  grating  cover. 
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SAFETY  CHUTE  DESIGN  CONSIDERATIONS 


EXITS  TO  SAFETY  CHUTES  SHOULD  OPEN  ONTO 
PLATFORMS  NOT  LESS  THAN  3  FEET  SQUARE 
THAT  ARE  EQUIPPED  WITH  GUARDRAILS 


*  SAFETY  CHUTES  SHALL  BEGIN  AT  THE 
OUTSIDE  EDGE  OF  PLATFORMS 

•  RECOMMENDED  SAFETY  CHUTE  SPECIFICATIONS- 


SLOPE  ANGLE«  40°  TO  50°  WITH 
HORIZONTAL 


CHUTE  DEPTH*  24" 

RADIUS  AT  BOTTOM  OF  CHUTE-  12" 

LOWER  END  OF  CHUTE  ABOVE 
GROUND  :  24" 


ONE  ADDITIONAL  FOOT  OF  HORIZONTAL 
RUN  WILL  BE  PROVIDED  FOR  EACH 
ADDITIONAL  5  FEET  OF  CHUTE  LENGTH 


FIGURE  22 
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Figure  23  i»  *  new  standard  design  for  •  fiberglsas  reinforced  plastic 
(FRP)  escape  chute  which  replaces  existing  sheet  metal  escape  chutes.  This 
design  was  based  on  a  standard  detail  furnished  by  th«s  Corps  of  Engineers, 
Huntsville  Division. 

Note  that  the  chutes  are  fabricated  of  standard  FRP  sections  with 
reinforcing  rib  members.  Sections  are  bolted  together.  Note  also  that  an 
integral  support  coluam  is  necessary  for  safety  chutes  extending  above  a 
second  floor.  The  radius  of  the  chute  is  shown  as  6'  -  0"  at  the  bottom. 
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PROCEDURE  FOR  MAKIHG  CHANGES 


Advances  in  technology,  architectural/engineering  practices  or  advances 
gained  f row  the  experience  from  the  actual  on  site  performance  of  certain 
standard  details  installed  at  Army  ammunition  plants  will  naturally  lead  to 
proposed  changes  and  additions  or  deletions  from  the  baselined  standard 
details.  These  charges  will  not  be  discouraged.  The  procedure  for  making 
proposed  changes  as  stated  in  the  Architectural  Standard  Details  is  as 
follows : 

1.  Proposed  changes,  additions  or  deletions  regardless  of  their 
originating  agencies  or  the  nature  or  purpose  of  the  change  must 
be  processed  as  an  Engineering  Change  Proposal  (ECP) . 

2.  The  changes  are  then  reviewed  by  the  various  concerned  agencies. 

3.  Final  approval  will  then  be  made  by  the  Configuration  Control 
Board  (CCB) . 

4.  The  CE  (Huntsville  Division)  will  serve  as  the  focal  point  for 
coordinating  all  activities  associated  with  the  modification  of 
standard  details. 

Figure  24  indicates  the  flow  of  proposed  changes  during  the  review  and 
approval  process. 
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FLOW  OF  PROPOSED  CHANGES  DURING 
THE  REVIEW  AND  APPROVAL  PROCESS 

*FOR  EACH  INDIVIDUAL  CONSTRUCTION  PROJECT 


o 
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FIGURE  24 
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Architectural  Standard  Details  are  available  to  anyone  who  requests 
then  from  the  Defense  Technical  Information  Center,  Cameron  Station, 
Alexandria,  Virginia  22314. 

The  standard  details  will  be  given  to  architects  and  engineers  as 
criteria  or  reference  material  for  new  construction  or  modification  design 
for  munitions  production  base  modernization. 

The  document  itself  has  been ' approved  for  unlimited  distribution  and 
is  included  in  the  National  Technical  Information  Service  (NTIS)  listings. 
It  is  for  sale  to  the  general  public  and  foreign  nationals. 

It  is  anticipated  by  the  Government  that  these  standard  details  will 
serve  a  useful  purpose  in  assuring  uniformity  in  future  AAP  designs  for  such 


facilities . 
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INTRODUCTION 


The  tri-service  manual  on  desigr  of  structures  to  resist  blast 
loads,  NAVFAC  P-397,  "Structures  to  lesist  the  Effects  or  Accidental 
Explosions"  (Ref  1),  does  not  provide  a  design  procedure  for  flat  slab 
structures.  Consequently,  flat  slab  systems  are  seldom  used  in  blast- 
hardened  structures  even  though  they  are  more  economics1,  in  many  appli¬ 
cations,  than  the  slab-on-beam  systens  being  designed.  ij.£.  r<*  '  shows 
typical  sections  of  each  system. 

Static  and  dynamic  testing  of  flat  slab  systems  has  shown  that 
design  procedures,  based  on  the  methods  and  criteria  of  NAVFAC  P-397, 
result  in  structures  with  uncconomieally  high  margins  of  safety  aga^uct 
failure. 

In  the  ESKIMO  v_  large-scale  test  of  two  flat  slab  roof  magazines, 
both  structures  deflected  much  less  than  would  be  predicted  by  P-397 
analysis  methods. 

In  static  and  dynamic  tests  at  the  U.S.  Army  Waterways  Experiment 
Station,  ultimate  resistance  and  failure  deflections  greatly  exceeded 
those  that  would  be  predicted  or  allowed  by  P-397  analysis  methods  and 
failure  criteria. 

The  Department  of  Defense  Explosives  Safety  Board  and  the  Naval 
Facilities  Engineering  Command  have  therefore  sponsored  work  to  develop 
a  safe  and  economical  design  procedure  for  flat  slab  structures.  A 
design  procedure  for  impulse-sensitive  structures,  such  as  storage 
magazines,  is  presented  in  this  report. 
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OBJECTIVE 


•The  objective  of  this  report  is  to  outline  the  preliminary  flat 
slab  desigD  procedure  for  impulse-sensitive  structures  and  to  summarize 
the  test  results  that  support  changes  to  the  ultimate  deflection  criteria 
given  in  P-397  for  concrete  structures  without.  lacing  reinforcement.  A 
final  design  procedure  with  examples  will  be  published  this  year. 


ULTIMATE  RESISTANCE 


The  recommended  analysis  method  required  in  the  design  procedure 
uses  the  same  basic  theory,  most  of  the  same  notation,  and  many  of  the 
same  equations  as  are  used  ia  the  tri-service  design  manual  for  blast- 
resistant  structures  (Ref  1).  An  equivalent  single-degree~of -freadom 
(SDF)  model  of  the  flat  slab  is  described  with  a  plastic  resistance 
deflection  function.  The  ultimate  flexural  resistance  is  determined 
from  yield-line  theory.  Response  of  the  system  can  be  found  using 
equations  and  charts  in  Reference  1  for  idealized  impulse  or  triangular 
loading  functions.  Since  the  prediction  of  the  response  of  reinforced 
concrete  structures  to  dynamic  loads  is  relatively  inexact,  simplifying 
assumptio  t  —  made,  when  "’'oropri ite,  to  facilitate  the  design  process. 

Resu..  lay  anu  rlat  slat  i  sts  are  used  to  establish  failure 

deflection  criteria.  Sufficient  shear  capacity  ssnet  be  provided  to 
preclude  premature  shear  failure  and  allow  develops,  .nt  of  the  flexural 
capacity  of  the  flat  slab.  The  reinforcing  steel  must  also  >-'■  u.l rq».v?*-e 
to  support  in-plane  tensile  membrane  loads  at  large  deflections. 

Ultimate  Moment  Capacity 

Th:1  ultimate  moment  capacity  of  structural  sections  is  based  on  the 
ultimate  strength  design  methods  of  t.he  ACI  Building  Code  (Ref  2)  with 
the  capacity  reduction  factor  omitted  as  in  Reference  1.  For  structures 
that  undergo  support  rotations  leas  than  2  degrees,  the  unit  moment 


1016 


resistance,  of  a  Type  I  cross  section,  given  in  Reference  1,  nay  be 
used.  For  structures  such  as  magazines  that  will  be  designed  for  rota¬ 
tions  greater  than  2  degrees,  Equation  1  should  be  used. 


_  s 


*ds  dc 


4  a; 


(i) 


where  d  is  the  distance  between  centroids  of  the  top  and  bottom  steel. 

c 

The  dynamic  design  stress,  f  ^  ,  for  steel  reinforcing  bar  (A15  and  A532) 
may  be  conservatively  approximated  with  a  dynamic  increase  factor  (DIF) 
of  1.2,  as  given  by  Equation  2,  to  account  for  strain  rate  effects. 

£ds  =  1.20  £s  (2) 

The  static  design  stress,  fg,  can  be  approximated  (as  in  Reference  1) 
with  a  weighted  average  of  the  yield  strength  (f^)  and  ultimate  strength 
(f^)  depending  on  the  amount  of  deflection  or  rotation  of  the  element. 
The  strengths  recommended  for  design  of  flat  slabs  are  shown  in  Table  1 
for  the  two  common  reinforcing  bar  steel  grades. 


Table  1.  Steel  Design  Stresses  (ksi) 


f 

y 

f 

u 

fs 

fds 

40 

70 

57 

60 

90 

■BOH 

81 

Ult’-ate  Flexural  Resistance 


The  ultimate  flexural  resistance  is  the  static  uniform  pressure 
load,  ri(  (psi),  that  the  structural  element  can  sustain  during  plastic 
yielding  of  the  collapse  mechanism.  This  resistar  j  is  assumed  to 
remain  essentially  constant  over  a  wide  range  of  deflection.  The  •• 
value  defines  the  plastic  portion  of  the  resistance  deflect! i ~  f 
(see  Figure  2).  A  conservative  lower  bound  can  be  determined  usin^ 


yield-line  procedures  (Ref  3  and  4).  For  impulse-sensitive  structures 
that  can  withstand  large  deflections  and  support  rotations  (0  >  5  degrees), 
ru  is  the  only  significant  parameter  in  the  resistance  deflection  func¬ 
tions.  (At  failure  rotations  less  than  5  degrees  and  for  pressure- 
sensitive  structures ,  the  elasto-plastic  portion  of  the  resistance 
deflection  curve  must  also  be  determined  and  used  in  the  response  cal¬ 
culations.) 

The  ultimate  uniform  resistance  is  a  function  of  the  moment  capa¬ 
cities  of  the  slab  strips,  the  geometry  of  the  slab,  and  the  support 
conditions.  A  yield-line  analysis  will  be  used  to  determine  r  in  terms 
of  these  parameters. 

Yield-line  analysis  is  an  ultimate  load  determination  method  in 

which  a  flexural  element  is  assumed  to  fail  along  lines  that  form  a 

valid  failure  mechanism.  Sectors  between  yield  lines  are  assumed  to 

rotate  rigidly,  and  ultimate  resisting  moments  are  assumed  to  develop 

along  the  full  length  of  all  yield  lines.  Equilibrium  or  energy  methods 

can  be  used  to  find  the  critical  collapse  mechanism  and  associated 

minimum  r  value, 
u 

Figure  3  shows  possible  failure  mechanisms  for  a  fiat  slab  similar 
to  the  roof  structure  in  the  Type  A  magazine  tested  in  ESKIMO  VI.  In 
order  to  calculate  the  ultimate  unit  resistance  using  the  energy  method, 
equations  for  the  internal  energy  (E)  and  external  work  (W)  must  be 
written  in  terms  of  ry,  the  moment  capacities  of  the  sections,  ond  the 
geometry  of  the  structure  and  failure  mechanism.  The  expression  for 
external  work  is  set  equal  tc  that  for  internal  work,  and  the  minimum  ru 
and  the  associated  geometry  of  the  failure  mechanism  is  determined.  The 
total  external  work  done  by  r  is  the  sum  of  the  work  done  on  each 
section  i : 

W  =  T  r  A.  A.  (3) 

where  A.  is  the  area  of  sector  i.  and  A.  is  the  deflection  of  the  c.g. 
of  rector  i.  For  illustration,  see  Figure  4,  which  shows  a  quarter 
section  of  the  flat  slab  shown  in  Figure  3b.  The  external  work  on 
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sector  A  is  the  sua  of  the  work  done  on  the  rectangular  portion  and  the 
work  done  on  the  triangular  portion. 


W. 


=  (H  ■  y)  *yt  x  |y  “  x  A  (y --$■) 


The  internal  work,  E,  is  the  sub  of  the  rotational  energy  done  by  each 
moment  rotating  through  an  angle  6. 


E  =  In  8n 

*•1111 


(A) 


In  a  flat  slab  with  different  aoment  capacities  for  each  band  of  rein¬ 
forcement  it  is  aore  convenient  to  write  the  internal  work  in  terns  of 
moments  and  rotations  in  the  principal  reinforcement  directions  x  and  y. 


E  =  £  Mx  0X  +  XX  6 


y  y 


e  = 


=  £  “x  xy  6x  +  E 


s  e 

y  x  y 


(5) 

(6) 


where  m  ,n>v  =  unit  moments  in  the  x  and  y  directions 

e  ,s  =  lengths  in  the  y  and  x  directions  over  which  m  and 

y  X  »y  apply  * 

0  ,8  =  rotations  in  x  and  y  directions 

x»  y  j 


As  an  example,  consider  the  structure  in  Figure  4  with  sectors  A  through 
E,  areas  1  to  5  of  equal  moment  capacities  (in  bands  of  width  s),  and 
geometry  defined  by  L,  H,  a,  b,  c,  x,  and  y.  The  internal  work  along 
yield  line  AB  (yield  line  between  sectors  A  and  B)  is 


m,  s  0.  + 
lx  ey  A 


+  m,  s  0„ 

ly  ex  B 


-2x(>'  -  Sey)  0 
+  “2y(x  “  ^  6 
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Substituting  0^  =  A/x,  0g  =  A/y 

EA8  =  f[*lx  ’  "2x(»  *  *ey>]  +  f[*ty  *ex  +  *2y<*  '  '«>] 
Likewise,  along  line  AC: 

eac  *  “1«<H  -  V)  4 

The  external  work  on  all  sectors  and  internal  work  on  ail  positive  and 
negative  yield  lines  are  determined  and  summed.  An  equation  for  ru  is 
written  from: 


E  w.  =  Le..  (7) 

*4 (!—£)'«♦  •••  * 

‘  -  X 

Variables  x,  y,  b,  and  c  are  varied  independently  until  ru  is  minimized. 
This  minimum  solution  provides  the  failure  mechanism  and  the  value  of 
ultimate  resistance,  r  . 

Ultimate  Shear  Resistance 


The  shear  resistance  at  walls  and  columns  must  be  sufficient  to 
develop  the  ultimate  flexural  capacity  of  the  slab.  The  conservative 
approach  for  determining  r  requires  it  conservative  estimate  of  shear 
resistance.  Therefore,  the  following  equations  are  recommended  for 
determining  shear  capacity. 
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At  a  distance  d_  from  the  wall,  the  allowable  shear  stress  is: 

c 

vc  =  4(1.9>/fJ+  2,500  p)  S  2.28\/f^  (8) 

where  $  equals  0.85  and  p  equals  Ag/bdc.  The  limiting  factor  of  2.28  is 
used,  rather  than  the  3.5  in  the  ACI  Building  Code  (Ref  2),  in  order  to 
provide  a  lower  bound  on  the  test  data  used  in  developing  this  equation. 
At  a  distance  dc/2  from  the  column  the  limiting  shear  stress  is 

vc  =  3.5  ♦Vf[  =  3\Zff  (9) 

This  3.5  factor  is  again  lower  than  the  recommended  4.0  value  in  the  ACI 
Building  Code. 

Calculation  of  the  total  shear  (Vu)  at  any  section  should  be  made 
using  the  tributary  areas  defined  by  the  yield  lines.  The  ultimate 
shear  stress  on  &  section  with  large  rotations  is: 

V 

vu  =  TTd~  (10) 

c 

Minimum  Reinforcement  Requirements 

Even  though  yield  line  theory  would  allow  for  any  reasonable  steel 
distribution,  an  elastic  distribution  is  recommended.  This  distribution 
provides  good  service  load  behavior  and  provides  an  economical  design 
(see  Ref  5) . 

The  procedure  in  Chapter  13  of  Reference  2  (ACI  318-77)  may  be  used 
to  distribute  moments  within  defined  strips  (wall,  mid,  column)  as  shown 
in  Figure  4. 

The  minimum  area  of  flexural  reinforcement  on  each  face  should  be 
at  least  equal  to  that  specified  in  Reference  2  for  shrinkage  and  tem¬ 
perature. 

Minimum  A  (each  face)  =  0.0009  b  t  (11) 

s 
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The  naxiauin  spacing  should  not  exceed  twice  the  slao  thickness  (2t) 
nor  18  inches. 

To  insure  adequate  tensile  membrane  strength  at  large  deflections , 
the  total  area  of  steel  in  the  column  strip  (sua  of  top  and  bottom 
steel)  should  aeet  the  following  requirement 


(12) 


where  Acg  is  the  total  area  of  steel  in  coluan  strip  (in.2),  and  Aj. 
(in.2)  is  the  tributary  area  supported  by  coluan  strip. 


DYNAMIC  STRUCTURAL  RESPONSE 

Charts  and  simplified  equations  are  available  (see  Ref  1)  to  deter¬ 
mine  the  response  of  a  SDF  spring-mass  system.  Structures  designed  for 
high-pressure  loads  at  short-scaled  distances,  such  as  storage  magazines, 
will  generally  be  sensitive  to  impulse  loading.  The  maximum  response 
(X^)  of  structural  elements  which  are  sensitive  to  just  the  impulse 
loading  (area  under  the  pressure-time  load  history)  and  which  are  allowed 
large  deflections  (greater  than  5  degrees)  can  be  determined  from  the 
impulse  loading  (i),  the  equivalent  mass  (m^),  and  the  ultimate  resistance 

(r  ). 
u 

Equivalent  Ma ss 

The  mass  of  an  equivalent  SDF  system  is  not  usually  the  actual  mass 
of  the  structure  since  displacement  of  the  actual  system  is  nonuniforn.. 
Likewise,  the  equivalent  load  on  the  SDF  system  is  not  equal  to  the 
actual  load  but  must  be  adjusted  to  provide  a  deflection  of  the  equivalent 
system  that  is  equal  to  the  maximum  deflection  of  the  actual  structure. 

The  combined  load-mass  factor,  ,  in  the  plastic  range  of  behavior  can 
be  determined  from  the  yield  line  analysis  by  summing  the  contribution 
of  each  sector  as  given  in  Equation  13 
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E  y c  L1 

Eh 


(13) 


LM 


where  I  =  mass  moment  of  inertia  about  the  axis  of  rotation 
n 

c  =  distance  froa  the  resultant  applied  load  to  the  axis  of 
rotation 

=  total  length  of  sector  normal  to  axis  of  rotation 
M  =  mass  of  the  sector 


(For  a  constant  thickness  sector,  can  be  replaced  with  the  area 
moment  of  inertia,  I,  and  M  can  be  replaced  by  the  area  of  the  sector, 
A.)  The  unit  equivalent  mass  is  given  by  Equation  14.  Sample  calcula¬ 
tions  of  Kjj^  are  given  in  Reference  1. 

me  ~  KLM  “  (l4) 


where  mp  is  the  effective  unit  mass  in  psi~msec2/in. ,  and  m  is  the  unit 
mass  in  psi-msec2/in. 

Response 

For  large  deflections  of  impulse-sensitive  structures  (as  would  be 
expected  for  magazines),  the  response  of  the  structure  is  given  by: 


(15) 


where  X  is  the  maximum  deflection  in  inches,  and  i  is  the  unit  blast 
m  ’ 

unpulse  in  psi-msec. 

Failure  Deflection  Criteria 


Reinforced  concrete  flexural  elements  without  lacing  steel  are 
limited  to  a  2-degree  maximum  support  rotation  in  Reference  1.  Two-way 
slabs  without  lacing  were  shown  in  References  6,  7,  and  8  to  have  the 
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capacity  to  deflect  well  beyond  that  allowed  by  the  2-degree  rotation 
criterion.  An  allowable  rotation  of  12  degrees  for  laterally  unrestrained 
two-way  slabs  with  L/H  £  2  was  indicated.  The  static  test  in  Reference  9 
showed  that:  rotations  greater  than  12  degrees  can  be  obtained  in  flat 
slab  structures  while  maintaining  the  calculated  ultimate  load  resistance 
(ru).  With  proper  reinforcement  detailing,  a  12-degree  design  rotation 
should  be  pemissible  for  uninhabited  buildings  (such  as  magazines). 

The  faiJuve  deflection  limit  would  therefore  be 

eu  =  i2- 

X  =  L  tan  12°  =  0.2  L  (16) 

11  s  s 

where  Lg  is  the  length  of  the  shortest  rigid  yield  line  sector  (the 
shortest  sector,  Lg,  rotates  through  the  greatest  angle,  6). 

Ammsnn  and  Whitney  Consulting  Engineers,  in  Reference  10,  recommend 
a  design  failure  rotation  of  8  degrees  maximum  for  magazine  structures. 
However,  if  the  reinforcement  is  detailed  properly  to  allow  for  tensile 
membrane  behavior,  rotations  of  at  least  12  degrees  can  be  achieved. 

The  minimum  steel  requirements  assure  adequate  membrane  resistance. 

The  formula  for  minimum  column  strip  steel  (Equation  12)  is  based 
on  the  average  tensile  membrane  resistance  of  a  one-way  slab  at  deflections 
from  4  to  12  decrees  rotation  of  the  yield  lines.  Flexural  capacity  is 
dominant  to  about  4  degrees  rotation  and  the  failure  limit  is  recommended 
as  12  degrees. 


DESIGN  PROCEDURE 


Problem 


Design  a  flat  slab  roof  subjected  to  a  given  impulse  load  from  an 
explosion. 


Procedure 


1.  Establish  geoaetry,  including  interior  dimensions  and  column 
location. 

2.  Determine  elastic  distribution  of  moments  using  methods  in 
Reference  2. 

3.  Use  yield  line  analysis  to  determine  the  ultimate  resistance, 
ru,  in  terms  of  the  moment  capacity  of  the  slab  and  to  determine 
the  load-mass  factor,  K^. 

4.  As suD!?  a  trial  thickness,  T,  and  minimum  reinforcement  ratio 

(p  .  =  0.0009  bt  for  first  trial). 

5.  Calculate  r  ,  m  ,  and  X  and  compare  X  to  X  .  Repeat  4  and  5 

u’  e  ’  m  r  m  u  r 

until  acceptable  response  is  obtained. 

6.  Check  for  minimum  steel  in  column  strip  (Equation  12).  Add 
if  required. 

7.  Check  shear  stresses  &v  column  capitals.  Check  shear  in  slab 
adjacent  to  columns  and  walls.  Add  drop  panels  if  necessary 
(generally  required). 

TEST  RESULTS 

ESKIMO  VI 


ESKIMO  VI  (Ref  12)  was  a  one-half  scale  test  of  two  box-type  explo¬ 
sive  storage  magazines  with  flat  slab  roofs:  the  type  I1B  and  the 
type  A.  The  type  I IB  is  an  older,  unhardened  design  that  is  used  at 

nonstandard  cpacings  as  given  in  NAVSEA  OP  5  (Ref  11).  The  I IB  was 

1/3 

located  at  a  distance  of  1.25  W  to  the  side  of  the  donor.  This  is 
the  side-side  spacing  requirement  for  both  standard  and  nonstandard 
magazines  and  was  considered  the  critical  location  for  the  IIB  magazine. 


The  type  A  Magazine  is  a  hardened  structure  designed  to  replace  the 

IXB  and  to  be  located  at  standard  magazine  spacings.  It  was  placed  to 

1/3 

the  front  of  the  donor,  at  the  standard  magazine  spacing  of  2  W  , 
which  is  considered  to  be  the  critical  location  for  the  loading  or.  the 
flat  slab  roof. 

A  TNT  equivalent  charge  weight  of  44,000  pounds  was  detonated  in 
the  donor  magazine  to  simulate  a  full-scale  detonation  of  350,000  pounds. 
Using  the  measured  loads  and  yield  line  resistance  (r^),  and  SDF  response, 
the  maximum  deflection  of  the  hardened  type  A  magazine  roof  was  predicted 
to  be  3.8  inches  (6  =  4.2  degrees).  The  measured  peak  deflection  was 
between  1.0  and  1.4  inches  (1.1  to  1.5  degrees). 

The  unhardened  IIB  magazine  was  predicted  to  fail  in  shear  before 
deflecting  the  predicted  4  inches.  It  did  not  fail  and  only  deflected 
between  1  and  2  inches. 

The  response  of  the  two  flat  slab  roofs,  which  was  between  one-third 
and  one-half  of  the  predicted  values,  is  an  indication  of  the  conserva¬ 
tive  analysis  methods  used  in  design.  The  initial  arching  action  in  the 
test  slabs  at  smaller  rotations  and  deflections  resulted  in  especially 
conservative  predictions.  Predictions  of  larger  deflections  would 
probably  be  less  conservative. 

WES  Flat  Slab  Tests 


The  U.S.  Army  Waterways  Experiment  Station  (WES)  conducted  static 
and  dynamic  tests  on  a  flat  slab  system  (Ref  9).  The  static  ultimate 
resistance,  r^,  was  calculated  by  WES  using  yield  line  analysis  to  be 
12.7  psi.  After  the  test  WES  calculated  that  the  test  specimen  could  be 
shown  to  have  an  ultimate  resistance  of  17.9  psi  if  some  of  the  conser¬ 
vatism  in  the  original  calculation  was  removed.  The  static  ultimate 
resistance,  calculated  with  methods  and  criteria  in  this  report,  would 
be  approximately  15  psi. 

The  static  test  resistance-deflection  results  (Figure  5)  show  a 
peak  resistance  of  26.6  psi  and  a  sustained  resistance  of  15  to  17  psi 
at  rotations  much  greater  than  12  degrees.  Figure  5  summarizes  the 
results  of  the  static  WES  test  and  shows  the  design  resistance-deflection 
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function  that  would  result  from  use  of  the  procedure  recommended  in  this 
report.  The  test  was  terminated  when  steel  pulled  out  of  the  concrete 
near  the  edge  of  a  drop  panel  in  an  exterior  panel.  This  failure  mode 
can  be  designed  against  by  providing  continuous  steel  between  supports 
(walls  and  columns)  with  adequate  anchorage  over  supports. 

The  same  slab  design  was  tested  dynamically  with  long-duration 
loads  to  simulate  nuclear  yields.  In  the  first  dynamic  test  the  peak 
pressure  of  20  psi  was  expected  to  produce  considerable  structural 
damage  without  collapse.  However,  no  significant  structural  damage 
occurred.  A  peak  deflection  of  0.41  inch  (0  =  1.1  degrees)  was  measured. 

The  second  dynamic  test  of  the  same  slab  had  a  peak  applied  pressure 
load  of  30.1  psi.  This  test  failed  the  slab  in  a  manner  similar  to  that 
in  the  static  test.  Slab  rupture  did  not  occur  until  bars  pulled  out  in 
regions  of  splicing  near  the  columns. 

The  recommended  design  resistance-deflection  function  is  shown  in 
Figure  5  to  be  safe  compared  to  the  WES  test  results  and  to  greatly 
improve  the  predicted  capacity  of  the  flat  slab  as  compared  to  the  P-397 
criteria,  which  only  allow  2  degrees  rotation. 

PCA  Two-Way  Slab  Test  Analysis 

The  Construction  Technology  Laboratories  of  the  Portland  Cement 
Association  used  test  data  to  develop  design  criteria  for  the  ultimate 
deflection  capacity  of  two-way  slabs  (Ref  6,  7,  and  8).  Although  the 
supports  differ  in  two-way  and  flat  slabs,  the  ultimate  deflection 
capacity  should  be  similar.  The  PCA  reports  show  that  a  12-degree 
ultimate  rotation  is  a  reasonable  design  criterion  for  two-way  slabs. 


CONCLUSIONS 

Test  results  indicate  that  current  procedures  for  flat  slab  design 
based  on  NAVFAC  P-397  criteria  are  very  conservati  e.  A  design  criterion 
using  12-degree  ultimate  rotation  (without  lacing  steel)  appears  safe 
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and  will  produce  significant  savings  in  construction  costs.  The  recom¬ 
mended  design  procedure  results  in  an  increase  in  impulse  capacity  of 
2.5  times  for  a  given  section.  Design  for  a  given  impulse  will  result 
in  a  theoretical  reduction  in  section  thickness  of  45^  (if  the  steel 
percentage  is  held  constant).  Verification  of  this  procedure  and  criteria 
should  be  a  part  of  ESKIMO  VII,  which  is  now  in  the  planning  stage. 
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b)  Reinforced  concrete 
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Figure  2*  SDF  Res latency- Deflection  Function 
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I~l  ■  Areas  of  equal  steel  reinforcement  within  crossing  strips  Identified 
with  dashed  lines - . 


*  Rigid  sectors  bounded  by  yield  lines  identified  with  solid  lines 


Figure  4.  Yield  Line  Mechanism  for  Quarter  Panel  of  Flat  Slab 
with  One  Central  Column. 
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V  ABSTRACT 

^Initial  guidance  in  the  field  of  protective  structures  design  was 
provided  in  1969  with  the  publication  of  the  Tri-Servioe  Design  Manual 
"Struoturea  to  Resiat  the  Effeota  of  Aooidantal  Explosions^  (TM  5-1300, 
NAFVAC  P-397,  AFM  88-22).  The  manual  presents  procedures  for  determining 
the  blast  effeots  resulting  from  an  explosion  and  techniques  for  the  design 
of  reinforced  oonorete  structures  subjected  to  blast  loads.  A  considerable 
amount  of  data,  rsuoh  of  it  not  covered  in  the  current  manual,  has  been 


accumulated  since  its  publication.  This  information  has  brought  about  the 
urgent  requirement  for  revising  the  manual.  This  paper  briefly  describes 
the  topics  in  the  manual  that  will  be  revised,  those  that  will  be  added, 
the  format  of  the  new  manual,  and  the  various  committees  set  up  to  oversee 
the  revision. _ ✓ 
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REVISION 

OF 

TRI-SERVICE  REGULATORY  DESIGN  MANUAL 
"STRUCTURES  TO  RESIST  THE  EFFECTS  OF  ACCIDENTAL  EXPLOSIONS" 

Introduction 

The  Initial  guidanoe  in  the  Highly  specialized  and  oooplex  field  of 
protective  design  was  provided  in  1969  when  the  Tri -Service  Manual, 
"Structures  to  Resist  the  Effects  of  Accidental  Explosions"  (ref.  1)  was 
published.  The  manual  presents  procedures  for  determining  the  blast 
effects  resulting  from  an  accidental  explosion  and  also  techniques  for  the 
design  of  reinforoed  concrete  structures  which  will  provide  protection  for 
personnel,  equipment  and  other  explosive  items. 

A  considerable  amount  of  data  (published  as  technical  documents  and 
others  yet  to  be  published)  has  been  accumulated  since  the  development  of 
the  Tri-Service  Manual.  Although  some  of  this  data  updates  the  information 
oontalned  in  the  manual ,  most  of  it  deals  with  topics  not  covered 
initially . 

Efforts  by  the  Army,  Navy,  Air  Foroe,  and  Private  Industry  in  the  area 
of  blast  effects  and  structural  design  created  the  urgent  need  for  the 
revision  of  the  manual  to  Include  recently  published  data  and  additional 
information.  The  publication  of  the  Tri-Servioe  Manual  was  considered  a 
major  step  forward  in  the  field  of  explosion -resistant  protective  design. 
The  revision  of  the  manual  and  the  addition  of  newly  developed  technology 
will  greatly  improve  this  inportant  document. 
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This  paper  describes  qualitatively  and  in  a  oonolaed  fora,  the  various 
topios  in  the  manual  that  will  be  updated.  Additional  topics  to  be 
lnoluded  will  also  be  described  briefly.  The  functions  and  activities  of 
the  various  committees  set  up  to  oversee  the  revision  of  the  manual  will  be 
presented. 

Organization  of  Committees 

Figures  1  and  2  show  an  organization  chart  of  the  various  institutions 
and  individuals  involved  in  the  revision  and  update  of  the  Tri-Service 
Manual.  The  revision  of  the  manual  is  sponsored  by  the  Department  of 
Defense  Explosives  Safety  Board  (DDESB) .  The  U.S.  Army  Armament  Research 
and  Development  Command  (ARRADOOM)  provides  administrative  and  technical 
guidance  to  the  Steering  Committee.  The  ARRADOOM  team  has  also  th«.  task  of 
preparing  the  revised  manual  through  a  contractor,  Ammann  A  Whitney, 
Consulting  Engineers,  New  York,  N.Y. ,  and  their  subcontractor,  Southwest 
Research  Institute,  San  Antonio,  Texas. 

Steering  Committee 

The  Steering  Committee,  comprised  of  experts  from  the  Department  of 
Defense  Explosive  Safety  Board  (DDESB),  Army,  Navy,  Air  Force  and  the 
Offioe  of  the  Chief  of  Engineers  (OCE)  (fig.  2),  meets  twice  a  year  to 
review  the  findings  and  reoommendations  of  the  two  subcommittees;  namely, 
Blaat  Technology  and  Design  Application.  The  Steering  Committee  will 
periodically  review  the  revision  of  the  manual. 


Blast  Technology  arid  Design  Application  Subcommittee a 

These  subcommittees  oonslst  of  personnel  from  the  Army,  Navy,  Air 
Foroe,  D0E9B,  00E  and  private  industry  (fig.  2).  They  east  ovary  four 
aonths  to  identify  new  teohnologiosl  advances  end  to  recommend  appropriate 
revisions.  They  will  also  review  the  revised  manual  at  the  50  percent 
stage  of  completion  and  the  final  draft. 

Topics  to  be  Revised 

Two  of  the  most  frequently  used  design  aids  in  the  Tri-Servioe  Manual 
are  Figures  4-5  and  4-12.  They  show  the  variations  of  pressures,  impulses, 
velocities  and  other  parameters  of  shook  waves  with  soaled  distances  based 
upon  tests  performed  with  TOT.  Sinoe  their  development  and  incorporation 
into  the  manual  in  1969,  additional  theoretical  and  empirical  information 
has  beoome  available,  some  of  it  published  in  the  manual  prepared  by 
Southwest  Research  Institute  (SWRI)  for  the  Department  of  Energy  (ref.  2). 
Some  of  the  curves  illustrated  in  the  figures  have  been  revised  and  refined 
by  C.  Kingery  of  the  Ballistic  Resaaroh  Laboratories  (BRL),  and  these  new 
curves  will  be  incorporated  in  the  revised  version  of  Figures  4-5  and  4-12 
(figs.  3  and  4). 

Other  figures  and  charts  to  be  revised  include,  but  are  not  limited 
to,  the  following: 

1.  Figure  4-6  (fig.  5),  Reflected  Pressure  Coefficient  vs.  Angle  of 
Inoidenoe  -  Will  be  replaced  by  new  curves  for  pressure  and 
Impulse  variation. 
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2.  Figure  4-63,  Exterior  Leakage  Pressure  vs.  Ground-Soiled  Distance 
-  The  existing  ourvea  in  the  manual  are  out-dated  and  will  be 
replaced.  The  bulk  of  the  new  data  will  be  extraoted  from  CEL 
Report  TR  R828  (ref.  4) . 

3.  Figure  4-65 ,  Maximum  Mean  Pressure  in  a  Partially  Vented  Chanber  - 
At  present,  the  four  existing  ourves,  namely,  MOL,  Weibull,  SWRI 
and  TM  5-1300  (fig.  6),  depict  different  conditions  for  mean 
pressure  in  a  chamber .  These  ourves  will  be  analyzed  and 
additional  data  from  tests  performed  in  Norway  and  the  United 
Kingdom  will  be  added  to  form  a  revised  curve. 

4.  Figure  4-72,  Leakage  Pressure  Coefficient  vs.  Pressure 

Differential  -  Recent  test  data  will  be  examined  for  the  revision 
of  this  figure  (fig.  7),  whloh  is  considered  to  be  inadequate. 

5.  The  human  toleranoe  table  will  be  updated,  using  recent  data 
published  by  the  Lovelace  Foundation. 

Besides  the  revision  of  other  tables  and  figures  in  the  manual,  some 
toplos  have  to  be  updated  appropriately.  One  such  example  is  the  effect  on 
explosive  output  due  to  shape  of  explosive  and  number  of  charges.  This 
data  which  was  previously  referred  to  as  "TNT  Equivalency"  will  now  be 
referred  to  as  Equivalent  Charge  Weight  with  the  effect  produoed  by  the 
variation  of  explosive  material  referred  to  as  TNT  equivalency. 
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Since  the  development  of  the  Tri-Service  Manual,  ARRADOOM  and  other 
organizations  of  the  Army,  Navy  and  Air  Foroe  have  done  a  considerable 
number  of  studies  on  blast  effects  and  the  blast-resistant  capacities  of 
various  structural  elements.  These  studies  will  be  reviewed  and  the  topics 
pertinent  to  the  subject  of  the  manual  will  be  incorporated.  Some  of  these 
topics  are  listed  in  Figure  8. 


Format  of  Revised  Manual 


To  account  for  the  addition  of  much  needed  information  such  as  that 


outlined  in  the  preceding  sections ,  the  revised  manual  will  be  divided 


five  volumes. 


Volume  I  -  Blast  Loadings:  This  section  will  include  the  revisions  of 
the  first  four  chapters  of  the  present  manual  and  also  additional  topics 
such  as  the  effect  of  charge  shape  on  pressure  output,  and  multiple 
explosion  effects. 

Volume  II  -  Concrete  Design  and  Fragment  Impact:  The  bulk  of  the  data 
in  this  volume  will  constitute  the  revised  information  from  Chapters  5,  6 
and  7  of  the  present  manual.  Additional  information  will  include,  but  not 
be  limited  to,  below  ground  concrete  cubicles,  single-revetted  barricades 
and  response  of  flat  slabs  to  pressure-time  loadings. 

Volume  III  -  Steel  Structures:  This  volume  will  contain  primarily  new 
information.  Design  criteria  for  steel  elements  and  structures  will  be 
provided,  together  with  results  of  tests  performed  on  pre-engineered  and 
strengthened  steel  buildings. 
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Volume  IV  -  Other  Feotors  to  be  Considered  in  Explosive  Feoility 
Design:  Chepter  10  of  the  ourrent  manual  will  be  revised  in  this  volume. 
Data  will  also  be  provided  on  safe  separation  distances  between  explosive 
items «  blast-resistant  capaoities  of  glass  windows  and  frames,  and 
earth-covered  magazines,  eto. 

Volume  V  -  Computer  Programs  and  Guide:  Like  Volume  III,  this  section 
is  new  and  will  deal  with  the  computer  programs  currently  available  to  the 
Army,  Navy  and  Air  Foroe.  The  listing  of  the  highly  specialized  programs 
(i.e.,  those  programs  written  for  blast  design)  will  be  provided  in  this 
volume. 

It  is  hoped  that  the  division  of  the  revised  and  updated  manual  into 
five  volumes  will  allow  for  a  detailed  and  vivid  presentation  of  the 
various  topics  in  thi3  highly  complex  field  of  blast  design.  References 
will  be  provided  in  each  volume  in  the  event  that  additional  information  in 
any  particular  topic  is  required. 

Conclusions 


The  revision  and  update  of  the  manual  will  be  completed  by  the  end  of 
1983.  By  then,  it  is  anticipated  that  the  five  volumes  that  constitute  the 
manual  will  contain  the  most  recent  data  available  in  the  area  of 
protective  design.  Memos  have  been  sent  out  to  various  Division  Engineers 
and  Commanders  of  the  Army,  Navy  and  Air  Force  asking  them  to  identify  any 
shortcomings  of  the  present  manual.  Their  responses  have  been  taken  into 
account  in  order  that  the  final  manual  will  satisfy  the  needs  of  the 
various  users. 
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1.  Pull  containment  and  below  ground  calls  and  single-revetted 
barricades . 

2.  Over turning  of  structures  subjected  to  blast  loads. 

3.  Primary  fragment  penetration  and  secondary  fragment  lapaot. 

g.  Multiple  explosion  sources,  simultaneous  and  sequential 
detonations. 

5.  Design  of  structural  steel  buildings. 

6.  Pre-englneered  and  strengthened  steel  buildings;  structural  steel 
elements  (ARRADCOM  reports). 

?.  Computer  analyses  of  frame  structures  and  other  structural 
elements. 

8.  Tests  performed  on  cold-formed  steel  panels,  window  frames  and 
glass,  including  performance  specifications  for  blast  windows. 

9*  TNT  equivalencies  of  explosives  and  propellants. 

10.  Leakage  pressures  due  to  venting. 

11.  Ground  shook  effects. 

12.  Blast  environment  due  to  explosions  within  structures. 

13.  Blast  environment  within  structures  due  to  explosions  outside  the 
structure . 

1g.  Blast  door  design*  Results  of  ESKIMO  test  series. 

15.  Design  of  reinforced  concrete  flat  slabs,  beam  and  column. 

16.  Suppressive  shielding  design. 


Figure  8.  New  data  to  be  incorporated  in  the  Protective  Design  Nanual 
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SECTION  1 


INTRODUCTION 


r 


Point-detonating  fuses  { PDPa )  used  on  artillery  rounds  and 
iapact  switches  on  HEAT  ammunition  are  impact-sensitive  devices 
(ISOs)  designed  to  initiate  the  explosive  train  of  ammunition 
upon  impact  with  a  variety  of  solid  and  semi-solid  surfaces.  To 
assure  that  these  devices  function  reliably,  requires  that  they 
be  made  highly  sensitive  to  iapact  forces*  As  they  become 
increasingly  sensitive  to  iapact  to  improve  their  functional 
reliability,  the  probability  that  they  will  function  prematurely 
increases  when  fired  through  rain.  Such  premature  functioning 
makes  the  round  less  effective,  and  can  be  hazardous  to  friendly 
troops.  Thus,  there  is  a  need  to 
production  ISDs  for  their  sensitivity 
when  striking  raindrops  during  flighty 
^xaim  is  usually  impractical  tra'CifETse 
intensity,  producing  conditions  that 
reproducible.  Additionally,  even  locations  that  normally  provide 
a  favorable  rainy  climate  may  experience  relatively  dry  months 
the  required  conditions  may  occur  infrequently  {reference 
1  ) •  >  Therefore,  test  methods,  capable  of  producing  the  required 
test  conditions  on  demand  in  a  reproducible  and  controllable  way, 
are  desirable. 


test  developmental  and 
to  premature  initiation 
Testing  ISDs  in  natural 
rain  varies  widely  in 
are  not  controllable  or 


A  Test  and\Jvaluatlon  Command  (TECOM)  Test  Operation 
Procedure  (reference,  2)  specifies  that  ISDs  are  insensitive  to 
vegetation  (light  brua^h )  if  they  do  not  function  upon  impact  with 
a  sheet  of  3. 2 -mm  (1/8-inch)  thick  wood  veneer.  In  1965,  an 
Aberdeen  Proving  Ground  (APG)  staff  study  (reference  3)  on  means 
for  simulating  the  effects  of  rain  on  ISDs  concluded  that  the 
same  3.  2 -ram  wood  test  should  be  used  for  evaluating  the  impact 
sensitivity  of  ISDs  to  rain.  Since  then,  however,  there  has  been 
steady  progress  in  the  design  of  ISDs  so  that  now  a  requirement 
for  test  methods  of  increased  sensitivity  and  validity  exists. 


SECTION  2.  DETAILS  OF  INVESTIGATION 


2.1  DEFINING  THE  ENVIRONMENT 


To  require  that  ISDs  be  insensitive  to  all  rainfalls  which 
may  occur  is  Impractical.  Such  a  requirement  would  necessitate 
that  ISDs  be  safe  in  extreme  conditions  to  which  they  are  only 
rarely  subjected  in  isolated  localities.  Consequently,  it  is  US 
policy  that  a  certain  level  of  risk  must  be  acceptable  so  that 
ISDs  are  not  unnecessarily  ovsrdes i gned.  The  risk  policy, 
applicable  to  environmental  conditions,  is  established  by  MIL- 
STD-210B  (reference  4). 


r 

\  w 
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2.1.1  Rain  Parameters 

A  1%  extreme  is  used  in  MIL-STD-21 OB  a*  the  design  criterion 
for  operations  for  all  but  two  climatic  elements.  These  are 
surface  low  temperatures  where  20  peraent  risk  is  used,  and  the 
surface  rainfall  rate  where  a  0.5%  extreme  is  used. 

Once  the  risk  for  rainfall  is  assigned  as  0.5  percent,  the 
corresponding  rainfall  intensity,  based  on  many  years  of 
collected  rainfall  data,  can  be  defined  as  the  "0.5%-riak 
rainfall"  against  which  all  ISDs  must  be  tested  and  evaluated. 
The  physical  parameters  of  tho  "0,5%-risk  rainfall"  must  be  known 
so  that  they  can  be  reproduced  in  a  manner  that  makes  it  possible 
to  simulate  the  flight  of  a  projectile  through  a  natural  *0.5%- 
risk  rainfall". 

Rainfall  of  a  given  intensity  can  be  described  in  part  using 
three  parameters*  terminal  velocity  of  drops,  water  temperature, 
and  drop  size-distribution.  Drop-size  distribution  of  a  rainfall 
is  usually  expressed  as  the  number  of  drops  within  a  given 
diameter  range  per  unit  volume  of  air.  This  is  the  most  useful 
rainfall  parameter  for  this  study.  Prom  it,  it  is  possible  to 
determine  the  expected  drop  sizos  and  frequency  of  impact  that  an 
1SD  might  encounter  during  flight.  From  that,  it  is  possible  to 
begin  the  search  for  a  realistic  rain  simulator  that  will 
reproduce  the  environment  exDerienced  by  an  ISD  in  a  "0.5%-risk 
rainfall". 

2.1.2  Description  of  Impact  Sensitive  Devices  (ISDs) 


Two  point-detonating  mechanical  devices  are  commonly  used  to 
desensitize  artillery  PDFs  to  rain.  The  crush  cup  type  fuze  has 
a  honeycomb  fixture  supporting  the  plunger  for  absorbing  the 
kinetic  energy  of  raindrops  striking  the  PD  (impact-sensitive) 
element.  The  M557  PD  fuze,  representative  of  this  design,  is 
shown  in  figure  2.1-1.  This  is  a  non-recoverable  type  ISD 
because  the  effects  of  each  drop  are  cumulative.  The  point- 
loaded  type  fuze  has  in  effect  a  spring-mass  system  which 
dissipates  momentum  onto  the  shell,  continuously  restoring  itself 
to  its  initial  position.  The  M526  PD  fuze,  representative  of 
this  design,  is  shown  in  figure  2.1-2.  This  is  a  recoverable 
type  of  ISD  because  the  ISD  may  recover  from  the  effects  of  each 
drop  in  time.  A  variation  on  these  devices  may  use  a  recessed 
cavity  with,  for  example,  crossbars  of  sufficient  strength  to 
shatter  the  drops  into  smaller  size,  and  simultaneously  dissipate 
some  momentum  onto  the  shall.  An  example  of  this  type  of  fuze  is 
the  M739  PD  fuze  shown  in  figure  2.1-3. 

HEAT  rounds  have  a  standoff  spike  containing  a  piezoelectric 
power  source  that  initiates  a  point-initiating  base-detonating 
( PIBD )  fuze  in  the  body  of  the  round.  In  one  fuze  design, 
piezoelectric  power  source  is  activated  when  the  piezoid  is 
crushed  during  impact.  Below  a  threshold  impact  Impulse  the 
output  from  the  piezoelectric  device  is  Insufficient  to  initiate 
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Figure  2.1-2.  Fuze,  point -detonating:  M526. 


Fuze,  point-detonating:  M739 
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the  PIBD  fuze.  The  piezoelectric  devloe  la  protected  fro* 
external  impacts  by  a  spring  that  prevents  tha  iapaot  switch  f  roa 
crushing  tha  plesoid.  In  aasanaa,  this  device  la  daaanaittaad  aa 
a  aaaa  spring  syataa  just  as  ara  tha  point-loadad  artillary 
point-detonating  fuses*  A  second  design,  tha  full-frontal  araa 
inpact  switch  design,  doss  not  require  that  tha  plesoid  ba 
crushed  to  initiate  tha  fuflai  it  is  only  necessary  to  close  tha 
switch  between  tha  piasold  and  tha  fuse  by  deflecting  tha  outer 
shall  of  tha  ogive  sufficiently  to  causa  it  to  contact  tha 
grounding  sleeve  within*  This  design,  tha  M456A2,  la  shown  as  an 
illustrative  asaaple  in  figure  2.1-4. 

2.2  EFFECTS  OF  RAIN  ON  IMPACT  SENSITIVE  DEVICES 

Having  defined  the  "0. 5%-risk  rainfall",  tha  physical 
phenoaena  experienced  by  ISDs  flying  through  rain  can  be 
specified.  These  phenoaena  can  be  used  as  standards  against 
which  proposed  test  methods  oan  be  compared.  Those  test  methods 
which  aost  realistically  reproduce  the  effects  of  the  "0.5%-risk 
rainfall"  on  ISDs  will  be  recoaaended  for  additional 
consideration  and  possible  validation. 

Of  practical  interest  are  PDFs  used  on  artillefy  ammunition, 
and  iapaot  switches,  the  impact  sensitive  pert  of  HEAT 
aaaunition,  fired  through  a  rainstorm.  The  muscle  velocities 
experienced  by  I8De  range  froa  45  m/s  for  the  M2  60-mm  mortar  at 
cone  0  to  approximately  1200  m/s  for  some  HEAT  ammunition 
(reference  5).  The  flight-path  length  can  be  from  e  few  hundred 
meters  to  tens  of  kilometers. 


The  spatial  distribution  of  drops  in  a  rainstorm  is 
nonuniform,  and  it  is  reasonable  to  assume  they  ere  Poisson- 
distributed  throughout  space  (reference  6).  Assuming  this 
distribution  yields  an  equation  for  the  probability  of 
ISD/raindrop  collision  (Pc)»  namely*, 

n  -(s/aQ,,) 

Pc  *•  1  -  e  probability  of  at  least  one  collision. 

i-1  (1) 


where 

s  *  Distance  ISD  has  travelled  through  rain  (m)b 
m0,i  *  Expected  distance  that  ISD  will  travel  between 

collisions  with  drops  within  the  ith  size  interval  (m) 
n  »  Number  o l  drop-size  intervale 

*  No  parameters  are  relisted  after  they  have  once  been  definedi 
however,  a  list  of  parameters  and  their  definitions  can  be  found 
at  the  end  of  the  report. 

bAppropr late  SI  units  of  measurement  are  shown  in  parentheses  as 
applicable. 
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If  th*  n«at*r  of  a  raindrop  Has  within  a  diateuo#  (r0  ♦  r,  ) 
from  th#  o«at«r  of  the  X»D,  *  oollialon  will  taJcji  place.  The 
«(f«otiv*  area*  sectional  area  will  be  (re  +  q)  .  ha  th«  110 

tr avals  through  a  distance  "d*"»  a  volume  oqual  to  (r0  ♦  vt>  dx 

la  swept  out*  for  a  glvan  uniiora  volume  density,  tha  pater 

of  raindrops  anolosad  by  tha  generated  voluaa  la  (re  *  r.  )  ^a^d. 
Since  tha  raindrops  ara  assumed  to  ba  stationary,  the  avaraga 
distant?*  (men  fra*  path)  that  an  ISD  will  traval  between  Impact 
is: 

_ 1 _ 

*0*1  “  <r0  *  ri^Ni  (2> 

whora 

r0  -  Radius  of  iupact-eanslr.lv*  araa  of  XCD  (a) 

rj  -  Radius  of  raindrops  of  ith  also  Interval  (a) 

*  Humber  of  raindrops  of  1 th  aiae  interval  In  a 

unit  voluaa  (drops/*3). 

Based  on  these  aquations  tha  expected  number  of  impacts 
experienced  by  an  XSD  (HQ  ^  )  with  raindrops  with  th*  ith  sis* 
interval  during  a  flight  can  be  calculated  ass 

H0,l  ■  V-.,,!  (3) 

where 

L  m  Flight  path  length  under  consideration  (a). 

Figure  2.2-1  plots  th*  mean  free  path  of  ISDa  through  the 
"0.5%-?iah  rainfall"  versus  th*  ISD  diameter.  Figure  2. 2-2  plots 
th*  expected  number  of  impacts  experienced  by  an  ISD  per  1000 
meters  of  flight  through  the  "0. 5%-rish  rainfall". 

The  probability  that  the  ISD  will  impact  Q  drops  of  th*  ith 
sit*  interval  ever  a  1  light  path  of  I>  meters  1st 
-H  . 

Vl(Q)  -  e  '  <H0,i>C/ei  <«) 

It  is  apparent  from  figure  2.2-2  that  an  ISD  experiences 
multiple  impacts  with  raindrops  during  a  typical  flight  through 
tha  ”0.5%-rlsk  rainfall".  Bach  collision  transmits  an  impulse  to 
the  sensitive  area  of  tha  XSD.  The  maximum  impulse,  X,  caused  by 
the  raindrop  striking  th*  impaat-sensltl v*  element  depends  on  the 
velocicy  of  Impact  end  sin*  of  tha  drop  as  shown  in  figure  2.2-3 
and  ae  described  by  Equation  5. 

I  .  4/3  If  rd3pVo  (5, 

where 

p  «  Density  of  the  raindrop  fkg/m  ) 

Vc  -  Velocity  of  impact  1s/s ) 

-  Radius  of  raindrop  (a). 
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ISO  DIAMETER  (MM) 


rop  Impacts  for  ISD  flying  In  "0.5*-r1sk  rainfall 


RAIN  DROP  IMPUkJ 
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Figure 


2.2-3.  Raindrop  impact  impulse  versus  raindrop  diameter  and  impact  velocity 
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rigura  2,2-4  is  a  plot  of  ths  expected  impact -impulse 
crntribution  of  tbs  variou  drop-sins  in tor vs Is  (each  covering 
0.25  as)  to  ths  total  lapaot  impulse  experienced  by  *n  ISO*  As 
expected,  this  rsf loots  ths  mass  distribution  of  we  ter  by  drop 
sisa  intarval  in  ths  *0.  5«-risk  rainfall".  Pi  purs  3,2-5  shoos 
what  proportion  of  ths  total  iapulss  experienced  by  an  IW  is 
oontributsd  by  raindrops  loss  than  a  esrtain  diaastsr.  it  shows 
that  raindrops  bstwssn  1,5  aa  to  3.0  aa  in  diaastsr  aontributs  54 
psrosnt  of  ths  total  iapulss.  Any  rain-siaulation  tsst  asthod 
should  pattsrn  itsslf  on  suoh  a  distribution  if  it  is  to  bs 
rsalistio. 

A  orush-typs  FD  slsaant  absorbss  energy  froa  raindrop  lapaota 
as  its  absorption  asdlua  progress! vsly  ooaprssass,  Ths  snsrgy 
(*)  absorbed  whan  anbjaotsd  to  rain  is  derived  by  Lucey 
(reference  7)  an 

n 

B  -  T  «iK*i  +  <»0  4  pa)Af8  <«> 


where 


KB^  <■  Kinetic  energy  of  one  drop  of  the  ith  else 

interval  whan  striking  the  iapact-sensiti ve  elenent  in 
flight  (J) 

p 

o  -  Stagnation  pressure  of  windstrean  (Pa) 

Pa  -  Atnoapheric  pressure  at  the  XSD  launch  site  (Fa) 

Ag  «  Frontal  area  of  iapact-aenaiti ve  region  of  ISO  (a2) 
s  -  Total  dlsplaceaent  of  firing  pin  (■). 


From  Equation  6  it  la  evident  that  the  energy  absorbed  by  the 
crush  cup  depends  on  the  drop-size  distribution  and  flight-path 
length.  The  effect  of  each  drop  ie  cumulative,  with  no  recovery 
after  lepact.  Crush-type  PDFs  eay  be  considered  to  have  non¬ 
linear  springs.  Applying  this  assumption,  it  is  possible  to 
consider  the  crush-type  PDFs  similarly  to  the  point-loaded 
ISDs .  Both  can  be  described  mathematically  using  the  classic 
spring-mass  equation  as  shown  by  Hausner  (reference  8). 


+  kx 


F 


(7) 


where 


ma  *  Lumped  mass  of  impact-sensitive  element  (kg) 
x  -  Variable  displacement  of  impact-sensitive  element  (m) 
k  “  3prlng  constant  of  impact-sensitive  element  (nonlinear 
for  crush-type  PDFs)  (M/m) 

F  «  Impact  force  imparted  to  ISO  (N). 
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Figure  2.2-5.  Percentage  of  total  impact  impulse  by  raindrops  less  than  a  given 
diameter. 
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This  model  mui«a  that* 


«•  The  impact-sensitive  elements  have  one  degree  of  freedom* 
b.  Mo  friction  is  present, 
c*  Aerodynamic  drag  Is  constant. 

d.  Velocity  of  ISD  is  constant. 

e.  Spring  deflection  is  proportional  to  the  force  applied  to 
it  (k  is  constant).  Not  true  for  crush-type  fuses  but  an  average 
value  for  k  nay  be  used. 


f.  Energy  transfer  to  inpact-sensiti ve  element  is  nearly 
instaneous,  so  effects  nay  be  considered  in  teres  of  aoaentua 
transfer  (F  *  0). 


The  general  solution  of  Equation  7  has  the  fore 


x  *  A  sin  w  t  +  B  cos  w  t 


(8) 


where  A  and  B  are  constant,  coefficients  to  be  determined  from 
boundary  conditions  and  w  is  (fc/*e)^  At  tiB®  equal  to  zero, 
some  initial  displacement  dQ  may  exist  in  the  suspension  of  the 
impact-sensitive  element,  and  an  initial  velocity  I/ma  will  be 
imparted  to  the  impact-sensitive  element.  The  two  boundary 
conditions  yield  a  solution  given  by  Equation  9  for  displacement, 
and  Equation  10  for  velocity* 


I 

x  ■  d_  cos  w  t  +  Wis'  sinwt.  (9) 

O  15 

®-wd0  ainwt  +m  cos  w  t  (10) 

-  u  e 

dt 


At  time  t*  when  the  impact-sensitive  element  bottoms,  it  will 
have  been  displaced  a  distance  d  from  its  relaxed  position.  The 
velocity  of  the  impact-sensitive  element  at  time  t*  will  be  equal 
the  bottoming  velocity  (vb).  Rearranging  Equations  9  and  10  and 
substituting  t*  for  time  yields 

I 


dt  ■  dQ  cos  w  t*  +  wme  sin 

V  .  I 

p  -  -  d0  sin  w  t*  +mr^ 

w 

Squaring  Equations  11  and 
trigonometric  functions  gives 


w  t* 

(ID 

cos  w  t* 

(12) 

1 2  and 

adding 

to  eliminate 

(13) 

(14) 
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■filiation  14  shows  that  ttaa  critical  bottoming  velocity  squared 
depends  on  tha  square  of  tha  initial  lapaot-sensitiva-slaaant 
displacement  (d0)  and  tha  square  ft  tha  initial  valooity  imparted 
to  tha  impact -sensitive  element  — — .  Tha  bottoaing  diatanca,  1  , 
1*  oonstant  for  a  given  ISD.  a 

from  this  model,  it  would  ba  pradlccsd  that  the  bottoaing 
velocity  of  tha  Impact-sensitive  alaaant  will  b*  identical  for 
iapacta  caused  by  drops  of  a  given  else  interval  striking  at  soaa 
velocity,  only  whan  tha  iapact -sensitive  alaaant  is  struck  while 
at  its  relaxed  position  (x  -  d0).  When  tha  lapact-aanuittva 
alaaant  la  struck  while  it  is  not'at  its  relaxed  position,  tha 
bottoaing  velocity  is  different.  During  tha  critical  tiaa,  t  , 
while  tha  iapact-senaiti ve  alaaant  is  aoving  due  to  an  lapse t,C  a 
second  iapact,  normally  incapable  of  causing  excessive  bottoaing 
velocity  alone,  may  cause  the  critical  bottoaing  velocity  to  be 
exceeded  when  combined  with  the  effects  of  the  previous  iapact. 
The  synergistic  effects  of  multiple  drops  striking  the  impact- 
sensitive  element  within  soma  critical  tine,  tc,  of  a  previous 
iapact  must  be  considered.  The  ISD  will  detonate  provided  that 
the  residual  velocity,  V  ,  needed  to  Initiate  the  detonator. 
This  residual  valooity  is  derived  by  equating  the  energy  input  to 
the  iapact-sensitl ve  element  when  struck  by  e  raindrop  to  the 
displacement  energy  and  residual  energy  after  striking  the 
detonator.  In  aquation  fora,  it  Is  represented  by  Equations  IS 
and  16. 

+,£»evr2  <15> 
vr  -  [v0*  -  <k/^  >dt3i  ('6) 

Whan  Vr  Vc  the  ISD  will  detonate.  To  realistically  simulate 
the  rain/ISD  Interaction  requires  that  the  ISD  be  subjected  to 
multiple  impacts  at  a  frequency  and  energy  level  similar  to  that 
encountered  in  the  natural  "0. 5%-risk  rainfall"  environment.  The 
number  of  impacts,  however,  may  be  minimized  because  it  is  most 
probablo  that  detonation  will  occur  whan  relatively  large  drops 
strike  the  impact-sensitive  element  during  the  critical  time  when 
the  firing  pin  Is  not  at  itB  limit  stop.  Once  tha  critical  time 
after  a  particular  impact  is  past,  the  effects  of  that  particular 
impact  are  nil.  A  few  drops  impacting  a  point-loaded  PDF  or  the 
impact  switch  of  a  HEAT  round  in  rapid  succession  would 
effectively  produce  an  ISD  response  similar  to  that  expected  in  a 
natural  "0. 5%-risk  rainfall".  For  ISD  of  the  recoverable 
response  node,  the  impact  frequency  and  energy  Is  more  important 
than  the  quantity  of  impacts. 
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Crumh-type  PDFs  have  a  different  response  mechanism  than 
point-loaded  PDFs  and  tha  impact  switch  of  HEAT  rounds  In  that 
Impact  offsets  are  cunulative.  For  ISD»  of  this  type*  the  nusbsr 
of  lapact  exposures  to  rain  nust  closely  natch  that  to  which  it 
will  be  exposed  in  the  “0.5%-risk  rainfall1*  over  its  norsal 
flight  path.  The  frequency  of  impact  is  much  less  important  than 
both  the  number  of  impacts  and  the  energy  level  of  impact 
exposures • 

PDFs  having  crossbar  protection  are  designed  similarly  to 
either  the  crush  cup  or  point-loaded  type  PDFs,  but  are  modified 
by  a  barrier  that  is  designed  to  decrease  their  sensitivity  to 
impacts  with  rain  and  vegetation.  Although  the  effects  of  impact 
may  be  diminished  using  this  type  barrier,  and  ISD  sensitivity 
prediction  may  be  difficult,  the  1 mpact -sens  1 ti ve  elements  can  be 
modelled  by  either  of  the  two  aforementioned  methods.  as 
applicable. 

A  typical  HEAT  tank  ammunition  responds  to  rain  impact  much 
like  point-loaded  artillery  PDFs.  That  is,  the  effects  of  rain 
striking  the  impact  switch  are  not  cumulative.  The  frequency  and 
intensity  of  impacts  are  more  important  than  the  number  or 
Impacts . 

When  exposed  to  nominal  rain  for  sufficiently  long  periods  of 
time  above  velocities  of  approximately  Mach  0.8,  most  materials 
used  in  the  fabrication  of  ISDs  show  signs  of  erosion  damage. 
Although  an  important  phenomenon,  erosion  does  not  cause 
premature  initiation  ISDs,  but  may  be  a  contributing  factor. 
Erosion  may  increase  the  probability  that  a  drop  of  a  given  size 
will  cause  an  ISO  to  detonate,  particularly  for  a  PDF  having  a 
barrier.  As  the  barrier  is  eroded  its  effectiveness  is 
diminished,  and  a  drop  la  more  likely  to  strike  the  impact 
sensitive  element.  For  other  ISDs  the  contribution  of  erosion  to 
a  premature  detonation  is  unknown. 

A  realistic  simulation  of  an  ISD  flying  through  rain  requires 
that  the  simulation  technique  be  capable  of  producing  in  quick 
succession  numerous  water  drops  directed  at  an  ISD  at  high 
velocities.  In  this  manner,  the  effects  of  erosion  and  the 
synergistic  effects  of  multiple  impacts  will  be  reproduced. 

2.3  PROPOSED  TEST  METHODS 

Many  methods  have  been  developed  and  used  to  simulate  the 
effects  that  rain  have  on  ISDs  during  flight.  The  Joint  Army- 
Navy-Air  Force  (JANAF)  Fuze  Committee  published  a  survey  of  rain 
ntmulation  techniques  in  1967  (reference  9).  Some  methods  were 
developed  to  determine  the  sensitivity  of  ISDs  to  premature 
detonation,  while  others  were  developed  to  evaluate  the  extent  of 
erosion  to  the  ISDs  after  being  fired  through  rain.  Regardless 
of  the  purpose  for  their  development,  each  technique  possibly 
could  be  adapted  to  help  fulfill  the  requirements  of  the  TFCOM 
test  mission  with  regaras  to  the  impact  sensitivity  of  ISDs. 


Belmonte  (reference  10)  compares  the  advantages  and 
disadvantages,  of  tha  davlcaa  include  exploding  toil,  ltquid- 
iapaot  aiaulctora  and  powder  guns  to  propel  water  dropa  at 
stationary  ISOs  and  rota  ting-ar*  machines  and  rocket  alads  to 
propel  XSOa  through  alaulatad  rali'fall.  Tha  tast  methods  ars 
dosorlbad  in  rafaranoas  11  -  15. 

2,4  ANAL V3IS  OF  TBST  METHODS 

Each  of  tha  techniques  usad  to  simulate  rain  impacts  with 
XSDs  have  been  usad  with  success  by  its  developer.  Each  presents 
TKCOM  with  a  potential  method  for  conducting  its  mission  in  the 
evaluation  of  the  impact  sensitivity  of  fuses  and  HEAT  rounds. 
While  each  could  possibly  be  used  successfully  by  TSCOM,  one 
method  or  combination  of  methods  must  be  chosen  for  use  within 
TECOM,  initially  based  on  a  technical  analysis  of  the 
alternatives.  Once  the  alternatives  have  been  reduced,  a  final 
choice  may  be  made  based  on  system  proof  tests  and  economic 
considerations.  Considering  tha  construction  of  impact-sensi tl ve 
devices,  the  nature  of  the  environment  to  which  they  must  be 
exposed  and  remain  functional  and  safe,  and  the  interaction  of 
the  two  during  flight,  several  important  physical  parameters  are 
described.  These  parameters  are  used  as  a  basis  against  which 
proposed  test  methods  are  assessed.  Most  importantly  the  test 
method  should  be  capable  of  performing  the  following  functions* 

a.  The  impact  velocity  must  be  variable  between  40  m/s  and 
1200  m/s,  yet  be  reproducible  and  controllable 

b.  The  rain  simulator  must  produce  raindrops  of  the  right 
sixes  and  be  capable  of  producing  a  variable  simulated  rainfall 
Intensity.  This  provides  the  control  necessary  if  ISDs  of  both 
response  models  are  to  be  tested. 


c.  The  test  method  should  be  relatively  Insensitive  to 
uncontrollable  circumstances,  for  example,  weather  conditions  and 
equipment  shortages. 

d.  Adjustment  or  downloading  the  ISD  should  not  be  required 
to  protect  the  facilities 

e.  Facilities  must  be  adaptable  to  the  Instrumentation 
necessary  for  recording  test  events. 

Artillery  PD  fuzes  may  have  a  flight  path  of  25  km  or  more. 
First  tnoughts  would  be  that  the  chosen  test  method  should  be 
able  to  simulate  25  km  of  "0.51-riak  rainfall".  This  Is  not 
necessary,  however,  since  the  "0.  5%-r.lsk  rainfall"  is  a  vary 
heavy  rainfall.  Usually  a  vary  heavy  rainfall  is  quite 

localized,  so  it  is  unlikely  that  the  high  intensity  rain  would 
be  present  throughout  the  fligiit.  Additionally,  the  apogee  of  a 
long  rango  projectile  flight  may  be  in  or  above  the  rainclouds 
where  the  existing  droplet  size  distribution  is  not  the  same  as 
at  ground  level.  Thus  the  PD  fuze  will  normally  be  exposed  to 


1069 


vl 


M 


tha  " 0. 5%-xtak  rainfall"  intanaity  or  grafeter  only  on  a 
relatively  abort  portion  of  its  flight  path*  While  go  shortened 
distance*  for  tha  biaulatod  rainfall  can  ha  aaid  to  ha  totally 
adequate,  practical  oonaidarationa  of  available  land*  water, 
instrumentation,  and  funds  make  a  truncated  aiaulatad  rainfiald  a 
naoaasity.  Additionally,  tha  impact  conditions  for  a  fusa  in  an 
actual  ralnfiald  (artificial  or  natural)  eve  bound  to  vary 
considerably  for  a  aarias  of  shots*  dua  to  tha  randoa  ohiraotac 
of  impacts,  thus  requiring  a  statistically  accaptabla  nuabar  of 
taat  shots  in  order  to  establish  a  auffioiantly  reproducible  taat 
standard.  This  may  bacons  ovarly  expansive  with  the  use  of  aoaa 
taat  methods*  such  as  a  rocket  sled  tast  track. 

Tha  first  typical  response  node  of  XSDa  is  evidencsd  by 
crush-type  ?DFs  which  do  not  recover  after  each  raindrop 
iapact.  Whether  a  fuse  of  this  typs  prematurely  detonates  or  not 
depands  on  the  nuabar  and  siss  of  tha  raindrops*  and  velocity  of 
the  PDF.  The  test  method  should  closely  natch  the  tott  1  energy 
absorbed  b-  the  PDF  as  shown  in  squation  (1).  To  do  this 
requires  ti.wt  tha  number  of  drops  within  a  sice  interval  striking 
the  PDF  be  approximately  the  same  in  the  simulator  aw  It  is  In 
the  natural  ”0.5%~risk  rainfall".  The  spatial  density  of  tha 
drops  produced  by  tha  simulator  is  inconsequential*  but  the 

velocity  at  which  they  strike  tha  PDF  is  important.  An  estimate 
of  the  number  of  expected  collisions  between  raindrops  of  a 
particular  else  and  tha  PDF  in  the  "0.5%-risk  rainfall"  can  be 
obtained  from  figure  2.2-2,  if  the  impact-sensitive  diameter  is 
known.  (The  exact  number  can  be  obtained  by  evaluating  equations 
(2)  and  (3)).  For  a  fuze  with  an  impact  sensftive  diameter  of  16 
am*  about  460  impacts  with  drops  of  all  sizes  are  expected  with 
drops  of  between  1.5  mm  and  3.0  mm  in  diameter.  Drops  within 
these  diameters  provide  approximately  54%  of  the  energy  to  the 

PDF,  and  should  closely  be  duplicated  by  the  simulator. 

ISDs  of  the  second  response  type,  point-loaded  artillery 
fuzes*  and  impact  switches  of  HBAT  rounds,  are  dependent  on 
Impact-Impulse  magnitude  and  frequency.  For  ISDs  of  this 

response  mode*  the  test  method  need  only  reproduce  the  spatial 

density  and  size  of  natural  "0.5%-risk  rainfall",  and  not  the 
total  number  of  impacts. 

The  exploding-f oi 1  technique  described  by  Tuler  (reference 
11)  can  be  used  to  produce  droplets  0.1  to  1.C  mm  in  diameter, 
too  small  to  be  very  effective  as  kinetic  energy  producer. 
Unless  the  technique  can  be  modified  to  produce  more 
representative  drop  diameters,  it  would  be  a  poor  choice  as  a 
test  method.  Should  an  improved  droplet  size  be  producible,  then 
the  technique  could  be  used  to  determine  how  many  drops  of  a 
giver.  diameter  are  required  to  detonate  an  ISD.  This 

determination  should  be  correlative  to  the  "0.5%-risk  rainfall" 
and  a  flight-path  length. 
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This  liquid-imp#”’*  itmUtor  desoribad  by  Sahar  (reference 
12)  produo**  water  of  an  auo*ptabl«  diameter,  t.S  m  to  2.5  mi*, 
propelling  it  at  v*looiti«*  of  100  to  000  m/a.  The  water 
velocity  t*  about  300  m/s  less  than  that  required  for  tatting 
impact  switches.  another  drawback  la  that  It  produoas  «  water 
column  rather  than  drops  which  -  Introduce*  difficult!.**  whan 
predlotlng  tha  kinetic  energy  imparted  to  tha  IVD  from  the*  a 
watar  columns.  Again,  If  thane  diffieultlen  war*  overcome, •  a 
test  could  be  davicad  to  determine  how  many  water  drops  (columns) 
of  a  certain  diameter  would  be  required  to  detonate  an  XSD.  Tha 
determination  may  prov*  to  b*  more  difficult  to  corralata  to  tha 
"0.5*-risk  rainfall"  and  a  certain  path  length  than  tha 
axploding-foil  technique,  because  of  the  irregularity  of  the 
columns • 

Rotating-arm  machines  provide  a  way  of  realistically  simulating 
ISO  impacts  with  rain  over  a  wide  range  of  velocities.  Provided 
the  ancillary  water  apraya  produo*  a  realistic  water 
distribution,  the  rotating-arm  machines  offer  sovaral 
advantages.  Being  indoors,  the  system  is  not  subject  to  waather 
restrictions  as  would  be  the  case  for  a  ballistic  track.  Long 
flight  times  are  possible  as  compared  to  those  possible  on  a 
ballistic  track.  Rapid  multiple  impacts  are  possible  as  compared 
to  the  liquid-impact  simulator  and  exploding-f oi 1  techniques, 
impact  velocities  can  be  more  easily  varied  and  controlled  when 
compared  to  any  other  proposed  technique.  The  number  of  water 
aprays  needed  to  produce  a  simulated  ralnfield  would  be  much  less 
than  that  required  for  a  ballistic  track.  Despite  these 
advantages  this  technique  is  not  without  its  difficulties.  A 
rotating-arm  apparatus  would  subject  an  ISD  being  tested  to 
centripetal  forces  that  do  not  exist  during  an  actual  flight. 
This  may  significantly  alter  the  test  results  when  compared  to  a 
technique  such  as  the  ballistic  track  that  produces  a  more 
realistic  flight  environment.  A  rotating-arm  apparatus  would 
have  to  have  a  relatively  long  arm  end  high  angular  velocity  to 
produce  acceptabla  impact  velocities.  Such  an  apparatus  would  be 
expensive  to  build  and  operate,  and  be  susceptible  to  damage  from 
the  water  npray  and  initiation  of  ZSDs. 


A  powder  gun  (reference  13)  is  capable  of  propelling  an  ISD 
at  very  high  velocities  through  a  simulated-rain  environment. 
Indoor  facilities  offer  a  major  advantage  in  that  testing  would 
be  weather  insensitive.  However,  an  indoor  facility  also  limits 
the  longth  of  the  rain  field  that  is  possible.  Tor  an  indoor 
facility  to  be  practical  would  require  that  all  types  of  ISDs  be 
capable  of  being  fired  from  the  gun.  To  accommodate  the  variety 
of  ISDs  that  will  be  tested  would  require  some  method  of 
launching  many  different  caliber  ISDs  from  one  caliber  gun.  To 
achieve  this  versatility  and  good  ballistics  throughout  a  120- 
meter  long  ralnfield  would  require  a  development  program  judged 
to  be  of  higher  risk  than  an  alternative  development  associated 
with  tha  improvement  of  the  Edgewood  track.  The  major  advantages 
compared  to  the  Edgewood  track  would  be  the  capability  of  higher 
impact  velocity  and  weather  insensi tivi ty i  these  would  be  more 
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than  covpenaacad  for  by  the  inadequate  rainfield  length  and  th« 
expected  high  development  ooitt. 

Vh«  K«  Honan  AFB  rocket-* led  facility  produoaa  a  realistic 
rain  environacnt  for  tasting  ISDs,  and  is  widely  used  by 
da>valopaxs  to  tgit  thair  1*0  daaign*  (reference  14).  The 
■dgawood  track  has  baan  used  to  geet  ZSO«  for  sensitivity  to 
vegetation,  but  it  dees  not  have  rain-eimu lation  capabilities. 

Oslng  a  single  shaat  of  aatarial  as  a  target  nay  be  a  valid 
rain-siau lation  technique  if  the  kinetic  energy  layer tad  to  the 
ISO  vara  equal  to  the  kinetic  energy  lapartad  to  the  ISO  by  the 
raindrops  In  the  ”0.5«~riak  rainfall".  Unfortunately,  the 
kinetic  energy  imparted  to  en  ISO  by  the  reindrops  is  not 
known*  Several  node  is  of  the  impacting  raindrop  dynaaica  have 
been  advanced;  none  hove  beer  proven  conclusively.  Correlation 
of  energy  required  to  statically  defora  crush-type  PDF  with 
raindrop  energy  Available  from  high-velocity  sled  teat  at 
Holloman  AFB  indicate  e  plastic-type  collision  (reference  7).  So 
the  kinetic  energy  imparted  to  en  ISO  by  raindrops  cannot  be 
predicted  simply  by  knowing  the  mass  of  the  drops  end  thslr 
impacting  velocities,  and  the  kinetic  energy  imparted  by  a  sheet 
of  material  cannot  be  directly  related  to  a  specific  rainfall 
condition*  Similar  reasoning  discounts  the  validity  of  using 
multiple  sheets  of  aatarial. 

To  support  the  testing  of  TSDs  of  both  responses  modes  would 
require  that  the  artificial-rain  facilities  be  adaptable  to 
providing  realistic  simulation  of  rain  impact-impulse  frequency 
and  magnitude  for  ISDs  of  the  recoverable  response  mode;  and 
raalistic  simulation  of  rain  impact-impulse  magnitude  and  total 
energy  for  ISDs  of  the  non-recoverable  response  mode.  The  former 
requires  a  rainfield  of  moderate  length  and  rain  intensity 

matching  that  of  natural  "0.5»-ri»k  rainfall";  and  the  latter 

requires  a  relatively  longer  rain  field  capable  of  producing  a 
rain  of  unnaturally  high  Intensity.  For  example,  a  400-meter 

simulated  rainfield  of  8.0  mrn/min  is  roughly  equivalent  to  4000 
metors  of  0.8  mm/min  natural  "0.5%-risk  rainfall".  A  detailed 
study  of  available  rain-simulation  techniques  must  be  undertaken 
to  determine  what  resources  are  available.  Spray-nozzle 

manufacturers  should  be  consulted  for  their  expertise  on  how  best 
their  products  may  be  used  to  achieve  the  desired  rain  pattern. 

The  length  of  the  Holloman  track  makes  it  possible  for  ISO* 
to  be  recovered;  a  tremendous  advantage  should  unexpected  test 
rssults  warrant  inspection  of  the  test  item  after  a  test.  The 
Edgewood  track  is  too  short  to  permit  sled  deceleration,  so  a 
soft-catch  capability  would  havs  to  be  devised.  The  Holloman 
track  has  1800  meters  of  simulated  rain,  whereas  the  Bdgewood 

track  (reference  15)  permits  a  rain  field  no  longer  than  the 
track  length,  752  meters  (2448  ft).  Because  it  is  desirable  to 
expose  the  ISDs  to  rain  only  within  certain  limits  of  a  chosen 
test  velocity,  the  rain  field  would  likely  be  about  120  to  200  m 
(400  to  650  ft)  based  on  typical  expected  velocity  -  distance 
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profile*  tor  the  Bdgewood  track  aa  plotted  In  t  lgcre  2.4-1. 
Thaea  plots  are  taken  from  a  computer  simulation  of  six  rocket 
configurations  that  are  used  ac  the  Bdgewood  track.  Thia 
siBUlation  'has  bean  used  with  success  to  predict  tha  payload 
vs  loci  ty  along  tha  traok  whan  preparing  for  a  test.  The  plots 
indicate  a  wide  range  of  predicted  velocities  to  a  maximum  of 
1120  a/s  (3670  2ps),  just  below  tha  1175  m/e  (3650  fps)  ausftle 
velocity  of  tha  M456A2  105 -sun  BIAT-T  cartridge.  Such  a  velocity 
shortfall  while  all  but  insignificant  may  be  ovaroosa  by  tha 
addition  of  rockets  or  using  staging  techniques.  Other 
eaaunitione  with  which  ISDs  aey  be  used  heve  auasle  velocities 
well  within  tha  capabilities  of  the  track  and  lta  proven  rocket 
configurations.  The  longer  Holloaan  treok  is  better  suited  for 
testing  nonrecovareble -response-node  ISDs  for  which  the  total 
nusber  of  impacts  is  the  paramater  of  utmost  importance.  for 
recoverable -response -node  ISDs,  the  Bdgewood  facility  with  rain 
simulators  would  ha  wall  suited  because  the  impact  frequency  and 
not  the  track  length  is  of  prine  laportance. 

The  advantage  of  propelling  the  ISDs  using  existing  Amy 
ammunition  and  weapons  through  a  sinulated  rainflald  can  be 
attributed  to  the  likelihood  of  lower  operating  costa  whan 
coapared  to  a  ballistic  track,  and  more  realistic  velocities. 
Disadvantages  nay  include  the  need  to  change  weapons  for 
different  ISDs,  end  the  possibility  of  damaging  the  rain- 
simulation  facilities.  The  length  of  the  rain  field  would  only 
be  Halted  by  the  trajectory  of  the  projectile  or  HEAT  round. 

Since  the  Holloaan  track  is  presently  operational,  there 
would  be  no  development  costs  Incurred  by  TECOM  should  it  use  the 
track  for  ISD  testing.  That  advantage  would  be  offset  to  an 
extent  because  the  facility  is  controlled  by  the  Air  Force. 
TECON  sponsored  tests  would  be  subject  to  the  availability  of  the 
track,  over  which  TBCCM  would  have  little  or  influence.  Using 
the  Bdgewood  track  would  provide  TECOM  with  test  scheduling 
flexibility,  and  the  track  could  be  used  for  tests  other  than  for 
ISD  testing  which  would  produce  additional  revenue  to  TECOM  for 
defraying  the  development  and  operational  expenses  associated 
with  the  track. 

While  the  Holloman  track  has  excellent  support 
instrumentation  to  measure  and  record  sled  velocity,  detonation 
events,  and  rain-field  characteristics,  the  Bdgewood  traok  aust 
be  outfitted  with  such  equipment.  A  subsequent  investigation 
would  deteralne  specific  requirements  for  instrumentation  to 
support  the  ISD  testing  mission  at  Bdgewood.  Once  constructed, 
the  Bdgewood  track  would  provide  for  a  lower  cost  per  test  than 
would  be  possible  using  the  Holloman  track.  A  detailed  economic 
analysis  is  needed  to  confirm  this  hypothesis.  Based  on  the 
economic  analysis  and  an  overall  assessmaent  of  other  less 
tangible  factors,  a  decision  of  which  alternative  to  chose  could 
be  made. 
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The  we  wepenie  mode*  of  lapeptHeniltii*  deviate  to  iipeate 
rtteirt  that  euy  prepoeed  reln-aimu lotion  method  bo  capable  of 
olosely  lapvodaolnf  tha  velocity  between  tho  toot  item  and  water 
drops.  Tha  recoverable  aodo  X8D*  alao  require  that  tho  lapaot 
frequency  ha  closely  duplicated*  while  tho  nonre«overable-nod« 
I 80a  requite  that  total  lapaot  energy  bo  q lonely  simulated. 

Of  the  aothoda  evaluated  tor  aiaulating  rain*  aovoral  wore 
found  to  be  unacceptable  from  a  toohnioal  standpoint*  Tho 
explodlng-foil  technique  and  the  liquid-impact  simulator  are  both 
inoapable  of  producing  an  acceptable  iapact  frequency*  notating- 
ara  devices  would  subject  the  teat  iteaa  to  unnatural  and 
unaccaptabla  centripetal  forces,  and  would  be  highly  susceptible 
to  aeehenical  failure.  The  uee  of  a  powder  gun  la  unaccaptabla 
because  it  is  not  possible  to  propel  the  teat  itea  through  a 
slaulated  rain  field  of  sufficient  length  for  adequately  testing 
XSOa  of  tha  nonracovarabla  response  node.  Firing  XSDs  on  actual 
projactilaa  or  on  HEAT  rounds  from  a  gun  through  plywood  or  aatal 
aheats  subjects  tha  XSO  «nd  entira  round  to  forcas  exerted  over 
an  extanslva  araa  of  tha  XSD  and  round.  This  is  not 
repreaantatl va  of  an  actual  iapact  of  an  XSD  with  a  raindrop, 
additionally*  the  iapact  frequency  and  tha  number  of  lepacta 
produced  by  this  mathod  cannot  satisfactorily  simulate  tha  impact 
frequency  or  number  of  impacts  produced  by  natural  "0.5%~riek 
rainfall". 

Tha  Holloman  AFB  test  track  is  currently  used  by  some 
developers  to  tsst  the  sensitivity  of  ISDs  to  rain.  The  Holloman 
facility  adequately  simulates  all  important  rain  parameters,  and 
its  track  is  sufficiently  long  to  easily  recover  a  test  itea 
after  a  test.  Its  instrumentation  la  modern  and  complete. 
Technically,  it  is  quits  adequate  for  rain  simulation  purposes. 
Other  considerations  make  the  Holloean  facility  leas  desirable. 
The  facility  is  not  controlled  by  TBCOH,  operational  costs  are 
high,  the  facility  located  in  New  Mexico  is  not  centrally  located 
for  munition  and  fuse  developers,  Harry  Diamond  Laboratories  and 
ARRADCOM,  and  it  is  not  always  available  when  needed.  Use  of  the 
facilities  depends  on  favorable  wind  conditions. 

The  Bdgewood  supersonic  ballistic  research  track  has  the 
potential  of  providing  adequate  rain-sleulatlon  facilities 
following  the  ccnstructlon  of  a  suitable  water-spray  system  along 
the  track,  and  support  instrumentation.  While  the  length  of  the 
Bdgewood  track  makas  it  less  suitable  for  testing  fuses  of  tha 
nonracovarabla  response  mode  than  the  Holloman  facility, 
nonetheless,  it  should  be  adequate  for  that  purpose.  Being  a 
TBCOM-control led  facility  provides  the  scheduling  priority  and 
flexibility  required  for  efficient  testing.  Once  the  artificial- 
rain  facilities  ara  in  place,  the  short  track  length  and 
convenient  location  should  offer  lower  costs  per  teat  at  the 
Bdgewood  track  than  are  possible  using  the  Holloman  facility. 
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Firing  X80«  on  actual  projtotllat  or  on  BMT  round*  from  « 
weapon  through  «  simulated  rstnfleld  pr««*nta  *  third  alternative 
for  providing  adequate  rain  simulation.  »uch  totting  could  bv 
eondootod  at  Aberdeen  Proving  Ground* 

Thl*  study  haa  lnvaatlgatad  aavaral  propound  aathod*  for 
tasting  th*  Impact  aanaitivlty  of  X*Om  to  rain.  Nora  detailed 
analyaaa  of  tha  tachnlcal,  aeonoaio  and  intangibla  faotora  aoat 
ba  parforaad  bafora  any  alternative  la  accepted  or  rejected. 
Theea  analyaaa  auat  tnvaatigata  aavaral  araaa  and  ba  able  to 
provida  anewere  to  aavaral  ganoral  questions) 

a.  What  ia  tha  ainiaua  coablnation  of  rain  courts  length  and 
ratn  intensity  that  ia  acceptable  for  a  valid  rain  sanaitivity 
teat? 

b.  What  water-spraying  equipment  will  provide  the  required 
drop  else  and  intensity? 

c.  What  instrumentation  is  required  to  Measure  the  pertinent 
test  events? 

d.  What  la  ths  anticipated  test  load  for  these  types  of 
tests  over  the  next  several  years? 

e.  How  Much  doeo  it  cost  to  test  ISO*  at  the  Holloaan  AFB 
test  track,  and  would  Holloman  be  able  to  support  the  anticipated 
test  load? 

f.  What  are  the  comments  of  Harry  Diamond  Laboratories  and 
ARRADCOM  concerning  the  chosen  test  methods? 

g.  Would  Harry  Diamond  Laboratories  and  ARRADCOM  use  the 
Edgewood  track  more  extensively  for  design  test  than  at  present 
if  the  facility  undergoas  the  necessary  Improvements? 

h.  How  many  persons  are  required  to  operate  and  maintain  the 
Edgewood  track,  assuming  it  is  used  extensively?  Will  these 
people  be  available?  How  does  this  compare  to  using  weapons  in 
place  of  the  track? 
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SECTION  4.  RECOMMENDATIONS  AND  CONCLUSIONS 

4.1  CONCLUSIONS 

It  Is  concluded  that: 

a.  The  supersonic  ballistic  research  track  at  the  Eriqewood 
Area  of  APR  has  the  potential  for  accompli shlnq  the  TECON  mission 
of  testlno  the  impact  sensitivity  of  impact-sensitive  devices  as 
defined  In  section  2.1.2  assumlnq  the  following  Improvements  are 
accomplished: 

(1)  A  ra  In-slmul at  inn  facility  Is  Installed  similar  to  the 
one  used  at  Holloman  AFB  test  track. 

(2)  Instrumentation  Is  provided  to  measure  and  record  the 
Impact  velocity,  the  rain  Intensity,  and  other  test  events. 

(3)  Personnel  are  trained  to  operate  and  maintain  the  test 
facility. 

b.  The  Holloman  test  track  Is  currently  operational,  and  has 
proven  to  be  technically  capable  of  simulating  the  Impact  between 
Impact-sensitive  devices  and  rain. 

c.  Flrlnq  ISOs  on  projectiles  or  on  HEAT  rounds  from 
appropriate  weapons  may  he  a  viable  alternative  to  uslnq  a 
ballistic  track  to  propel  ISPs. 

d.  A  detailed  economic  ana’vsls  of  the  alternatives,  and  of 
the  status  quo,  with  due  consideration  for  noneconomic  and 
technical  factors  is  necessarv  to  choose  the  best  alternative. 

4.2  RECOMMENDATIONS 

It  is  recommended  that  the  second  phase  of  this  proaram  be 
Initiated  with  the  followlnq  nb.l*»ct  1  ves : 

a.  A  detailed  Investigation  of  methods  to  produce  a 
simulated  rain  environment. 

b.  Preparation  of  technical  descriptions  and  specifications 
for  instrumentation,  ancillary  equipment,  and  support  personnel 
necessary  to  support  each  of  the  candidate  alternatives. 

c.  An  economic  analysis  of  the  relative  costs  of  uslnq  the 
Edqewood  track  versus  usinq  a  weapon  be  done  to  determine  the 
acutal  expenditures  required  to  make  each  fully  operational  and 
capable  of  fulfminq  the  TECOM  mission. 

d.  Selection  of  the  optimum  alternative  facility  for  use  bv 
APG  to  test  Impact-sensitive  devices,  and  preparation  of 
comprehensive  plans  for  implementation. 
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8YKB0LS  ABO  DEFINITIONS 

A  ■  Constant  coefficient 

Af  *  Frontal  araa  of  lNpact-sensitl vs  region  of 
impact-sensitive  device 

B  m  Constant  coefficient 

dQ  -  Initial  impact-sensitive  eleaent  displacement 

d  -  Distance  the  iapact-sensitl ve  eleaent  has  been 
displaced  at  tlae  t* 

E  ■  Energy  absorbed  by  the  iapact-sensitive  eleaent 
when  subjected  to  rain 

F  *  Impact  force  imparted  to  iapact-sensltl ve  device 

H  .  -  Expected  number  of  Impacts  between  an  ISO  and 
°’  raindrops  of  the  ith  size  interval  in  flight 

I  »  Impulse  experienced  by  impact-sensitive  device 
during  impact 

k  »  Spring  constant  of  iapact-sensitive  eleaent 

KE.  “  Kinetic  energy  of  one  drop  of  the  ith  size 

J  interval  when  striking  the  iapact-sensitive  eleaent 

L  ■  Flight  path  length  of  impact-sensitive  device 
through  rain 

m  “  Lumped  mass  of  iapact-sensitive  eleaent 
© 

a  .  »  Distance  that  an  ISO  is  expected  to  travel  between 
°’  collilons  with  drops  of  the  ith  size  interval  (mean 
free  path) 

n  -  Number  of  drop  size  intervals 

“  Nuaber  of  raindrops  of  radius  "r  "  in  a  unit  volume 
-  Atmospheric  pressure 

p  *  Probability  of  a  collision  between  an  iapact- 
c  sensitive  device  and  a  raindrop 

p  (Q)  -  Probability  that  Q  drops  of  the  1th  size  interval 
*  will  strike  an  ISD  over  a  flight  path  of  L  asters 

p  »  stagnation  pressure  of  windstorms 
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Q  -  Number  of  drop*  of  th*  1th  •!*•  Interval  that  strike 
an  impact -sensitive  device  om  a  flight  path 

-  Radius  of  raindrop 

■  Radius  of  raindrops  of  th*  ith  sis*  interval 

r0  •  Radius  of  the  impact-sensl ti v*  area  of  an  impaat- 
sensitiv*  device 

S  -  Total  displaceeent  of  firing  pin 

s  m  Distance  that  an  impact-aensiti v*  device  has 
travelled  through  rain 

t  -  Tie* 

t*  -  Tin*  when  impact-sensitive  element  bottoms 

t  -  Critical  time  while  impact-sensitive  element  is 
moving  because  of  an  impact 

-  Bottoming  velocity  of  an  impact-sensitive  element 

V  <■  Threshold  initiation  velocity  of  an  impact-sensitive 
element 

Vq  »  Velocity  of  impact 

Vr  »  Residual  velocity  of  impact-sensitive  element 
x  -  Variable  displacement  of  impact-sensitive  element 
w  -  (*/■„>* 

p  »  Density  of  raindrops 
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A  PROPOSED  MINIMUM  SAFETY  CRITERIA  FOR  EQUIPMENT 
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ELECTRO-EXPLOSIVE  DEVICES 
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ABSTRACT 


H 

To  ensure  a  greater  level  of  reliability  and  safety  in  the  use  of 
electro-explosive  devices  (EEDs),  it  is  necessary  to  measure  the  oontinulty 
of  the  Devices  Bridgeware.  However,  the  r>ieotri«al  equipment  used  to 
measure  these  paraMters  is  soaMtlmes  oapable  of  causing  premature 
detonation  of  the  EED  or  sensitise  the  igniter  resulting  in  a  dud.  This 
report  describes  minimum  design  oriterls  proposed  for  electrical  equipment 
that  can  be  used  safely  to  test  the  electro-explosive  devices.  s 


INTRODUCTION 


The  Navy  currently  uses  several  different  devices  to  test  the  bridg*- 
wire  continuity  or  bridgewire  resistance  of  its  inventory  of  eleotro- 
exploalve  devices  (EEDs).  Host  of  these  devices  have  been  approved  for  use 
by  the  Naval  Sea  Syctema  Cowutnd  (NAVSEA  OSH)  based  on  a  safety  evaluation 
of  the  instrument  by  the  Naval  Surface  Weapon  Center.  For  tha  most  part, 
approval  for  use  on  specific  EEDs  hes  been  handled  on  a  oase-by-oase  basis. 

This  paper  describes  what  the  Naval  Surfaoe  Weapons  Center  considers  to 
be  the  minimum  safety  criteria  that  can  be  used  in  the  design  and 
evaluation  of  bridgawlre  continuity  testers.  It  is  intended  to  promote 
uniformity  of  practice  for  those  skilled  ir.  eleotrioal  safety  evaluations. 

In  addition,  the  Naval  Sea  Systems  Command  has  indicated  an  Interest  in 
the  development  of  a  military  standard  on  this  subject.  This  paper  offers 
considerations  for  soma  of  the  requirements  of  this  military  specification. 
The  standard  would  enable  equipment  manufacturers  to  consider  electrical 
safety  in  the  design  phase  rather  than  redesign  their  equipment  after  it  is 
on  the  market.  This  would  result  in  a  saving  of  time  and  money  for  the 
military.  When  the  evaluation  and  reporting  teehniques  are  standardized, 
the  safety  evaluation  of  tha  instrument  could  become  the  responsibility  of 
the  manufacturer  and  could  easily  be  checked  by  the  purchasing  activity. 

RELIABILITY  TESTING  OF  EEDs 


The  bridgewire  of  an  EED  serves  as  an  eleotro-theraal  transducer, 
convert' ng  eleotrioal  energy  into  kinetic  energy  in  the  form  of  heat.  A 
primary  explosive  such  as  lead  azide  or  PETN  deposited  on  the  bridgewire  is 
initiated  when  this  thermal  energy  reaches  the  initiating  energy  required 
by  the  explosive. 

Proper  operation  of  the  bridgewire  is  the  most  critical  factor  in  the 
reliable  functioning  of  the  EED.  Therefore,  evaluation  of  the  bridgewire 
region  is  the  most  productive  method  used  to  predict  the  performance  of  an 
EED.  However,  the  test  procedure  used  to  evaluate  the  bridgewire  region 
must  not  heat  the  bridgewire  to  the  ignition  temperature  of  the  primary 
explosive,  or  detonation  may  occur.  The  simplest  and  most  common  method 
used  to  evaluate  operation  reliability  of  the  bridgewire  is  to  measure  its 
DC  resistance. 

GENERAL  EVALUATION  REQUIREMENTS 


NAVSEA  OP-5  specifies  that  electrical  equipment  used  to  test  the 
reliability  of  an  electro-explosive  device  must  he  approved  by  the  Naval 
Sea  Systems  Command  prior  to  Its  use.  This  equipment  must  also  comply  with 
the  minimum  requirements  of  the  National  Electrical  Code,  Article  500  if 
testing  is  conducted  in  a  hazardous  location. 
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Prior  to  approval ,  tha  equipment  must  be  examined  for  possible 
hazardous  conditions  duo  to: 

1 .  Equipment  Design ; 

2.  Environment  In  Whioh  Equipment  is  Being  Used; 

3.  Maintenance  and  Test.  Plans; 

4.  Standard  Operating  Procedure  (SOP)  for  Explosives  Testing;  and 

5.  Potential  Electrostatic  Hazards  Created. 

In  addition,  normal  wear  of  the  equipment  must  be  considered  and  ensure 
that  normal  deterioration  does  not  cause  a  hazardous  condition.  Periodic 
testing  of  the  equipment  la  recommended  to  ensure  safe  operation. 

Approval  of  the  use  of  test  equipment  for  this  purpose  should  be  based 
on  the  no- fire  current  of  the  EEDs  being  tested.  Individual  approval 
should  be  granted  for  oaoh  explosive  device  being  tested.  However,  to 
speed  the  approval  process,  HSWC  recommends  that  the  equipment  be  evaluated 
to  determine  the  maxlmus  current  available  from  the  test  instrument  even 
under  multiple  fault  conditions.  The  value  derived  from  this  analysis 
should  not  exoeed  one  tenth  of  the  no- fire  current  of  the  explosive. 

The  equipment  should  be  tested  prior  to  its  use  to  ensure  that  obvious 
faults  in  the  functioning  of  tne  deviow  will  be  detected  prior  to  its  use. 
This  testing  should  ensure  primarily  that  the  test  current  produced  at  the 
terminals  of  the  equipment  (for  each  range)  is  below  the  limit  specified 
for  the  tests.  The  device  used  to  test  these  output  ourrents  should  bo 
calibrated  periodically.  In  addition,  the  SOP  for  the  explosive  tests 
should  be  specified  and  critically  evaluated  to  en.nure  that  these 
operations  are  conducted  safely. 

A  rigid  maintenance  cycle  should  be  specified  and  adhered  to.  This 
maintenance  should  be  performed  only  by  personnel  familiar  with  the  device 
and  who  are  aware  of  the  safety  features  included  in  the  device.  Although 
a  device  may  be  safe  to  use  in  the  application  us  originally  designed, 
improper  maintenance  can  degrade  or  defeat  the  safety  features  inherent  in 
the  design.  Evaluation  of  the  equipment  should  lnolude  documentation  of 
the  safety  features  provided  by  the  equipment,  and  the  assumptions  that  were 
made  during  the  analysis. 

EQUIPMENT  DESIGN 

Tiie  design  of  the  equipment  is  the  major  factor  that  will  determine 
whether  it  can  be  safely  used  to  test  explosive  subsystems.  There 
is  currently  no  standard  method  available  for  use  in  evaluating  rhe  design 
of  equipment  proposed  to  test  brldgewlre  resistances.  However,  the 
evaluation  method  specified  by  NFPA  493,  Chapter  2-1  can  be  used  as  a 
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guideline  in  waking  this  «valuatton.  Additionally,  tha  Naval  Surf so# 
Weapons  Cantar  recommends  that  all  faults  that  cay  occur  whioh  cannot  ha 
idantifiad  In  tha  daily  initial  chaokout  of  tha  equipment  should  be 
assumed. 

Whan  examining  tha  daaign  aafaty  of  tha  equipment,  it  should  ba  assuaad 
that  all  switches  and  othar  inputs  ara  at  thair  most  unfavorabla  sattinga. 
Also  it  should  ba  assuaad  that  all  ooasponents  are  at  thair  most  unfavorabla 
tolaranoa  values.  An  acourata  schematic  diagram  of  tha  equipment  with  its 
parts  list  must  ba  on  hand  for  this  phase  of  tha  examination.  An  aotual 
sample  of  tha  equipment  to  validate  tha  sohaawtio  diagram  is  also  useful. 

Any  deviation  between  what  is  on  tha  schematic  versus  what  is  found  in 
tha  equipment  should  ba  documented.  Any  deviation  of  this  type  oan  ba  a 
basis  for  denial  of  approval  for  use.  Changes  made  in  the  equipment  daaign 
or  packaging  configuration  should  void  previous  approval  until  these 
changes  have  bean  evaluated.  It  Is  imperative  that  tha  manufacturer  of 
equipment  used  to  test  explosive  devices  maintain  strict  quality  control 
standards.  For  this  reason,  only  instruments  designed  specifically  for 
testing  explosive  devices  should  be  used.  The  design  of  general 
multimeters  could  be  changed  periodically  to  meat  a  changing  market  without 
the  manufacturer  having  to  notify  any  users  of  his  equipment.  This  is  less 
likely  to  occur  with  explosive  teat  equipment. 

The  next  step  in  evaluating  the  design  of  the  proposed  equipment  is  a 
complete  analysis  of  the  oircuitry  including  everything  back  to  the  power 
source.  Once  the  normal  conditions  have  been  evaluated  and  documented,  it 
is  necessary  to  determine  worst-case  faults.  The  Reliability  Analysis 
Center  in  Rome,  New  York  documents  failure  modes  and  failure  rates  of 
electrical/electronic  components  and  can  be  of  assistance  in  selecting 
these  faults.  The  selection  of  faults  and  Justification  for  the  selection 
should  also  be  documented.  The  worst-case  circuit  analysis  is  then 
performed.  As  mentioned  previously,  testing  of  the  unit  immediately  before 
its  use  can  eliminate  the  possibility  of  obvious  faults  in  the  unit. 

The  final  step  in  the  analysis  of  the  design  of  the  instrument  is  to 
check  for  inductances  or  capacitances  in  the  output  circuitry  and  test 
leads  that  may  permit  storage  of  dangerous  electrical  energy.  This  energy, 
if  it  is  of  adequate  magnitude  can  be  released  in  the  form  of  arcing  which 
will  be  hazardous  in  the  case  where  explosives  may  be  exposed. 

EQUIPMENT  CONSTRUCTION 


Construction  of  the  equipment  can  also  be  a  factor  in  determining  its 
safe  operation.  All  connectors  used  on  the  device  should  be  keyed  to 
ensure  that  they  can  be  inserted  only  in  the  proper  configuration. 
Assyraetrical  connectors  are  preferred.  In  addition,  these  connectors 
should  be  labled  according  to  their  function.  If  more  than  one  connector 
is  used  per  device,  each  connector  should  be  of  a  different  configuration 
to  ensure  that  they  are  not  Installed  incorrectly. 
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t tposvd  leads  or  pins  or*  subject  to  short  olrovifcs  «*J  should  to 
avoided.  It  «  eonncctor  Is  not  us«a  during  equipment  operation,  It  should 
to  provided  with  s  osp  for  proteatlon. 

Proper  layout  of  th*  in tarns 1  components  of  ths  equipment  is  essential. 
NFPA  *93  provides  adequate  guideline*  for  details  of  internal  construction. 
Ths  objective  is  to  snsurs  fchtfe  safety  of  ths  dsvlos  is  not  compromised  by 
short  olrouits,  sto.,  resulting  from  wires  or  ottor  foreign  objsota  that 
nay  have  beer,  left  incite  ths  dsvias  during  naintencnos  operations.  This 
hasard  oar.  to  minimised  by  props**  encapsulation  of  oiroult  boards  snd 
oompsrtaaptsllzstion  of  suoh  things  as  tottery  packs,  or  power  supplies. 

All  fail-safe  circuitry  should  be  potted  or  sealed  to  prevent  the 
possibllty  of  being  compromised  by  short  circuit  or  unauthorized  taaperlng. 
These  safety  features  should  to  olesrly  narked  inside  the  enclosure. 

Battery  operated  instruments  should  have  a  built-in  current  Halting 
device  to  ensure  that  the  battery  does  not  go  into  thermal  runaway  due  to  a 
short  circuit  (whloh  could  cause  an  explosion).  This  ourrent  Halting 
device  Is  most  effective  when  It  is  built  into  the  battery  paotc.  When 
changing  batteries  in  these  instruments,,  the  same  type  battery  must  be  used 
as  a  replacement.  If  the  ourrent  limiting  devioe  is  built  into  the  battery 
pack,  it  must  be  replaced  by  an  equivalent  pack. 

The  materials  used  in  the  construction  of  the  explosive  test  equipment 
are  also  Important.  If  the  devioe  is  portable,  there  is  a  possibllty  that 
transport  of  the  unit  oan  cause  generation  of  static  electricity  if  the 
case  is  made  of  a  poor  conductor.  Before  npproval,  the  unit  should  be 
tested  to  determine  if  it  is  capable  of  storing  dangerous  levels  of 
electrostatic  energy.  The  use  of  sealed  keyboards,  low  power  CMOS 
oirouitry,  and  liquid  crystal  displays  can  enhanoe  the  safety  of  the 
devioe. 

CONCLUSIONS  AND  RECOMMENDATIONS 


The  use  of  modern  electronic  equipment  to  test  the  operational 
reliability  of  electro-explosive  devices  is  recommended.  However,  this 
equipment  must  be  approved  prior  to  its  use.  The  Naval  Surface  Weapons 
Center  recommends  that  a  standard  method  be  devised  by  which  this  equipment 
oan  be  evaluated.  The  documentation  required  by  this  standard  would  permit 
the  approving  agency  to  make  a  more  valid  evaluation  of  the  risks 
associated  with  the  use  of  these  instruments  for  any  given  application. 
Also,  it  should  decrease  the  amount  of  time  necessary  for  approval.  The 
overall  advantage  would  be  a  saving  of  time  and  money  in  the  approval 
process  of  electrical  equipment  used  to  test  the  bridgewire  resistance  of 
electro-explosive  devices. 
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i*  zmoovcTzof 

Ob*  of  fcha  ayatam  aafaty  pragma  okjMttvw  stated  1* 

MIL-BTO-fttU  ft*  0*flat*8  i  tyitMitk  iffiMeh  tt  Imn  tlBt  hi*t*rle*l  safety  data 
ia  eoagKeirad  and  used  la  tha  dut|»  of  a m  iy>t«a.  This  ia  an  lifwruat 
objactlw,  baea«a*  it  can  prsvida  daeig*  aaglnaare  with  a pacific,  aafaty  design 
erltaria  for  a  new  system.  too  oftaa  the  ward*  "Will  praaaat  ao  unacceptable 
haaard"  appear  ia  a  raqalraawata  doc  want.  fkia  phrase  ia  aafeigeema  and  of  littla 
half  to  tha  design  snginaer  ia  detaralalag  aa  appropriate  design  for  a  ayataau  This 
•tody  of  riot-control  graaadaa  ahoaa  how  hiatorieal  safuty  data  froa  previous 
riot-control  grenades  can  ha  uaad  to  develop  e pacific,  aafoty  design  criteria  for 
riot-control  groaadaa  in  davtlopHoat. 

2.  EVALUATION 

2.1  The  Hlaeloo  of  klot-Centrol  Munitions. 


Over  tha  yeara,  the  Aray  he*  developed  e  variety  of  riot-control  aunltlone 
to  perform  the  riot-control  mission.  Unlike  noet  mi  nit ion a,  riot-control  eunltlons 
have  e  duel  mlaalon.  They  must  be  capable  of  telng  used  in  both  e  tactical, 
military  situation  end  in  a  civil-disturbance  situation.  Tha  first  mission  requires 
a  Munition  that  neats  the  safety  requlreaente  of  any  Amy  system;  i.a.,  tha  Munition 
nuet  be  safe  during  Manufacture,  transportation,  storage,  use,  end  disposal. 

The  second  aiqaion  requlrea  a  Munition  which  is  not  only  safe  to  the  user, 
but  a  Munition  that  is  ssfe  to  the  target  (often  civilian)  person11*!  ••  veil.  The 
Munition  must  incapacitate  the  target  personnel  without  presenting  any  unacceptable 
or  residual  hazards  to  the  target  personnel  or  the  eivlronas-it. 

2.2  Description  of  Recent  Riot-Control  Grenades. 

A  prerequisite  for  the  use  of  historical  safety  date  in  developing  safety 
design  criteria  for  a  systea  Is  that  a  sufficient  data  base  must  already  exist.  In 
the  case  of  riot-control  grenades,  the  Anqr  has  developed  end  used  three  different 
riot-control  grenades  in  recent  years.  The  experience  gained  through  use  of  these 
three  grenades  provides  the  data  base  for  this  study. 

The  first  grenade  used  in  recent  years  was  the  M7A3  "beer  can"  grenade 
(figure  1).  The  M7  was  eventually  replaced  by  the  M25A2  "explosive  disseminating" 
grenade  (figure  2).  The  final  grenade,  developed  to  replace  both  the  M25A2  and  the 
M7A3,  ms  the  K47  "softball"  grtnade  (figure  3).  All  these  grenades  consisted  of 
three  najor  components:  the  fill  Material  (incapacitating  compound)  the 
fuze/dlssamlnatlon  Mechanism,  and  the  body. 

Breaking  the  grenade  into  these  three  components  ia  the  first  step  to 
developing  specific,  safety  design  criteria.  The  next  etep  is  to  evaluate  the 
historical  safety  date,  as  It  pertain*  to  each  of  these  component*.  Based  on  this 
data,  safety  design  criteria  for  that  component  of  a  developmental  riot-control 
grenade  can  be  determined. 


i 


Figure  2.  M2 5  Series  Riot  Control  Grenade  Figure  3.  H47  Hot  Control 


2.3 


Tbs  first  component  to  b*  evaluated  is  tbs  Incapacitating  cos pound >  lbs 
inherent  hsssrds  aeeocleted  with  tbs  us*  of  any  chemical  ce*»pound ,  (l.e., 

flammability,  toxicity,  reactivity,  sad  environmental  impact)  cost  b*  considered 
whsn  employing  tbs  incapacitating  compound  in  a  syatsn.  Sines  1939,  th* 

incapacitating  compound  ussd  in  riot-control  gvmnada*  has  boon  powdered 

o-chiorobsnaalgtiononitrll*  (CS).  C8  has  proven  to  bs  a  rsllabls  riot-control 
IncapaclUtMfccompotmd  which  incapacitates  target  personnel  without  producing  any 
residual  heaixh  haaarde*  Its  use,  however,  dose  result  In  an  environmental  hesard 
because  of  its  persistency  and  problems  in  decontamination.  Safaty  design 
requirements  of  a  developmental  riot-control  grenade  should  address  this  particular 
hasard.  An  appropriate  requirement  would  be  that: 

(a)  The  incapacitating  compound  that  ts  used  must  not  present  any 

greater  health  hasards  than  CS. 

(b)  The  incapacitating  compound  must  not  present  a  persistent 

environmental  haserd. 

These  requirements  are,  In  fact,  presently  being  addressed  at  Chemical  Systems 
Laboratory  (CSL). 

2 . 4  Evaluation  of  the  Fuze/Disseminatlon  Mechanism. 

The  second  component  to  be  evaluated  Is  the  fuze/dlssemlnatlon 
mechanism.  The  most  significant  changes  in  riot-control  grenades  have  been  to  this 
component.  The  M7A3  grenade  used  a  pyrotechnic  fuse  with  a  pyrotechnics-coated  CS 
fill.  The  fuse  ignited  the  pyrotechnic  coating  on  the  CS  which,  as  it  burned, 
volatilised  the  CS.  The  CS  was  then  emitted  as  a  smoke  through  emission  ports 
(holes)  in  the  top  of  the  grenade.  This  design  resulted  In  a  severe  fire,  hazard, 
caused  by  the  high  heat  generated  at  the  emission  ports.  If  the  grenade  was  used  in 
locations  containing  combustible  materials,  such  as  houses,  stores,  apartment 
buildings,  and  fields,  the  resulting  fires  could  produce  extensive  property  damage. 

To  eliminate  this  hazard  and  another  hazard  discussed  in  paragraph  2.2.3, 
the  M25A2  grenade  was  designed,  which  explosively  disseminated  the  CS.  To  control 
the  fragment  hazard  to  target  personnel  associated  with  fragmenting  grenades,  the 
grenade  was  designed  with  plastic  parts.  As  an  added  safety  precaution,  the  users 
were  instructed  to  throw  the  grenade  upwind  of  the  intended  target  in  civilian 
disturbances. 

This  new  design  eliminated  the  fire  hazard  of  the  previous  grenade,  but 
introduced  two  new  hazards.  First,  the  M25A2  grenade  had  u  different  fuze  which  did 
not  incorporate  the  standard,  fuze  safety  lever  (figure  4).  The  new  fuze  required 
the  user  to  maintain  pressure  on  the  arming  sleeve  at  the  top  of  the  grenade  until 
the  grenade  was  thrown  (figure  2).  This  fuze  design  resulted  in  Injuries  to  the 
user,  because  the  user  would  not  maintain  the  required  pressure  after  removing  the 
safety  pin.  The  grenade  would  then  begin  to  function  in  the  thrower's  hand  and 
explode  in,  or  inches  from,  the  thrower's  hand  and  arm. 

The  second  hazard  Identified  during  use.  of  the  M25A2  grenade  was  the 
accidental  functioning  of  the  grenade  with  the  safety  pin  intact.  If  the  ferer.ade 
was  dropped  onto  a  hard  surface,  the  plastic  fuze  housing  would  break  and  the 
grenade  would  subsequently  function.  Because  of  these  hazards,  the  M25A2  grenade 
was  type  rei  lassif led  "obsolete"  and  work  was  begun  on  a  new  riot-control  grenade, 
the  M47 . 


1093 


» 


c 


Tha  M47  riot-corttrol  grenade  employed  pyrotechnic  d  la  aami  nation  of  CS.  To 
overcome  the  f lire  hazard  inherent  in  the  M7A3  grenade,  this  grenade  lied  e  epherlcel 
body  which  allowed  the  grenade  to  ekitter  as  It  disseminated  the  CS.  The  face 
design  returned  to  use  of  the  standard  grenade  safety  lever,  and  a  second  safety 
device  was  incorporated.  When  tha  grenade  functioned  properly,  it  did  hot  present 
any  haxarda  to  either  the  user  or  target  personnel.  During  Initial  production 
testing,  a  fragment  hesard  to  target  personnel  wee  identified  In  the  event  of  a 
"hengflre".  The  arming  pin,  which  le  normally  ejected  with  the  handle  when  the 
grenade  le  released  from  the  thrower's  hand,  did  not  eject,  In  some  cases,  until  the 
grenade  hit  the  ground.  Were  this  to  occur  In  the  viefnity  of  the  target  personnel, 
the  arming  pin  would  present  a  significant  eye  hazard  to  the  target  personnel. 
Identification  and  evaluation  of  this  hazard  led  to  a  redesign  of  the 

fuze/dissemination  mechanism  for  the  M47  grenade.  This  effort  la  currently  In 
progress. 

Baaed  upon  this  evaluation  of  the  historical  safety  data  pertaining  to  the 
fuze/dissemination  mechanism,  the  safety  design  criteria  for  this  component  of  a 
developmental  riot-control  grenade  can  be  established.  The  developmental  grenades 
should  meet  the  following  requirements; 

(a)  The  grenade  must  not  present  a  fire  hazard  when  used  in  its 

intended  operating  environments. 

(b)  The  grenade  must  not  produce  hazardous  fragments  during  normal 

functioning. 

(c)  The  fuze  design  must  be  similar  in  appearance  and  operation  to 

standard  hand  grenades. 

(d)  The  grenade  must  be  fail-safe  to  both  the  user  and  target  personnel 
should  a  hangfire  or  dud  occur. 

2 . 5  Evaluation  of  the  Grenade  Body. 

The  third  component  to  be  evaluated  is  the  grenade  body.  The  M7A3  grenade 
used  a  metal  "beer  can"  type  body.  This  body  was  both  an  impact  hazard  to  target 
personnel  and  to  user  personnel  if  the  grenade  was  thrown  back  by  the  target 
personnel.  The  M25A2  grenade  eliminated  this  hazard  by  explosively  disseminating 
the  CS,  and  thus  eliminating  any  components  that  could  be  thrown  back.  When  it  was 
decided  to  design  a  third  riot-control  grenade,  deploying  CS  in  the  same  way  as  the 
M7A3  grenade,  this  hazard  had  to  be  eliminated  in  another  way.  The  M47  grenade  used 
a  soft-rubber  body,  which  effectively  eliminated  any  impact  hazard  to  either  the 
target  personnel  or  the  user.  Any  developmental  riot-control  grenade  should  include 
the  following  requirement  to  ensure  that  the  level  of  safety  achieved  in  M47  body 
design  is  not  degraded  in  a  subsequent  design.  The  grenade  must  not  present  an 
Impact  hazard  to  either  target  personnel  or  user  personnel. 

3.  SUMMARY 

By  systematically  evaluating  the  historical  safety  data  generated  from  use 
of  previous  riot-control  grenades,  specific,  s;  fety  design  criteria  for  a  new 
grenade  has  been  established.  The  resultant  design  criteria  obtained  from  this 
evaluation  ire  summarized  below. 
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(*)  Hm  Incapacitating  compcuad  sust  not  present  any  greeter  health 

he sards  than  C8. 

(b)  The  Inca  pad  tat  log  compound  must  ‘not  present  a  pert  latent 

environmental  hazexd. 

(c)  Tha  grenade  au at  not  praaant  a  fire  hazard  whan  used  In  lta 

Intended  operating  environments. 

(d)  The  grenade  an  at  not  produce  hazardous  fragments  during  noraal 

functioning. 

(a)  The  fuze  design  oust  be  similar  In  appearance  and  operation  to 

standard  hand  grenades. 

(f)  In  tha  event  of  a  hangflre  or  dud.  the  grenade  must  be  fail  saffe  to 
both  the  user  end  target  personnel. 

(g)  The  grenade  body  must  not  present  an  Impact  hazard  to  either  target 
or  user  personnel. 

A.  CONCLUSIONS 

A. I  A  sufficient  data  base  exists  to  perform  a  safety  analysis  of  previously 

fielded  riot-control  grenades. 

A. 2  A  systematic  approach,  baaed  on  historical  safety  data,  can  be  used  to 

develop  specific  safety  design  criteria  for  developmental  riot-control  grenades. 

5.  RECOMMENDATIONS 

5.1  The  requirements  established  in  this  report  should  be  Included  in  the 
design  requirements  of  developmental  riot-control  grenades. 

5.2  A  detailed  hazard  analysis  should  be  performed  to  provide  even  more 

specific  and  complete  safety  design  requirements  for  developmental  rlot-control 
grenades. 


EXPLOSIVE  SAFETY  CURING 


RESEARCH  AND  DEVELOPMENT 
TESTING 


By:  Harold  G.  Crowe 
DAC 

U.S.  Arruy  Air  Defense  Board 


Slide  1 

(USARADBD  LOGO) 

Hello  fellow  delegates.  As  you  were  told  by  our  Moderator,  I  am  Harold  Crowe, 
the  Safety  Officer  for  the  US  Army  Air  Defense  Board.  The  Air  Defense  Board  is 
a  part  of  the  US  Army  Air  Defense  Center,  located  at  Fort  Bliss,  Texas,  on  the 
outskirts  of  El  Paso,  a  city  of  440,000  people.  Fort  Bliss  itself  is  approxi¬ 
mately  128  kilometers  long  and  90  kilometers  wide. 


(Show  Slide  2) 

Shown  on  this  slide  is  Fort  Bliss  and  Its  neighbor. 


liote  that  Fort  Bliss  is 


bordered  on  the  Northwest  by  White  Sands  Missile  Range-  and  when  both  are 
utilized,  we  can  fire  a  Pershing  II  Missile  its  full  ranged The  Air  Defense 
Board  is  one  of  eight  Army  test  boards,  all  operationally  controlled  by  the 
US  Army  Training  and  Doctrine  Command  (TRAD0C),  headquartered  at  Fort  Monroe,  V A. 
My  presentation  today  concerns  explosive  safety  during  Research  and  Development 
Testing,  During  the  presentation,  I  shall  discuss  the  following  topics: 

(Show  Slide  3)  , 

1.  The  USARADBD  Mission. 

2.  Surface  Danger  Zone  Construction. 

3  Ammunition  Construction.  </ 

4.  Targets. 

As  we  begin,  please  consider  this  slide  showing  the  Board's  mission. 

(Show  Slide  4) 

As  a  field  Safety  Officer,  and  especially  an  R&D  Safety  Officer,  my  responsibility 
*1s  to  see  that  test  planning  provides  for  and  actual  testing  is  conducted  in  a 
safe  manner,  without  ir.terferring  with  test  ob.iectivesl  my  supervision  is  provided 

l\ 

by  the  President  of  the  Board  and  the  TRAD0C  Safety  Offick,  My  duties  require 
extracting  pertinent  data  from  US  Army  publications  and  combining  this  information 
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with  data  from  the  safety  release,  a  document  provided  to  me  by  the  US  Amy 
Test  and  Evaluation  Contnand,  in  most  cases,  through  Headquarters,  TRADOC.  TRADOC 
Test  Boards  cannot  conduct  any  testing  without  a  safety  release.  Command  and 
technical  guidance  and  coordination  occurs  as  shown  on  this  slide. 

(Show  Slide  5) 

Within  this  framework,  technical  safety  guidance  flows  down  and  test  resource 
safety  data  and  recommendations  flow  up.  On  numerous  occasions,  the  test  board 
safety  of fi cer  will  correspond  directly  with  the  contractor. 

At  the  Air  Defense  Board,  our  main  concern  is  Air  Defense  Weapons  and  Missiles, 
although  we  have  tested  items  designed  for  other  branches  of  the  Army.  Tasking 
is  provided  by  HQ,  TRADOC.  The  Safety  Officer's  duties  on  a  weapon  system  begin 
as  he  determines  whether  a  Surface  Danger  Zone  large  enough  to  accommodate  the 
weapon  is  available,  and  if  not,  takes  necessary  steps  to  get  one  established. 

A  ground-to-air  Surface  Danger  Zone  consists  of  the  following  elements: 

1.  An  Impact  Area. 

2.  A  Dispersion  Area. 

3.  A  Safety  Zone. 

The  dispersion  area  and  the  safety  zone  are  fixed  requirements  by  Department  of 
the  Army  and  depend  on  weapon  caliber.  The  impact  area  size  depends  on  these 
enforced  safety  zones.  An  example  is  in  order  at  this  time. 

(Show  Slide  6) 

As  shown  here,  the  contractor  indicates  that  the  bursting  radius  of  his  40mm 
proximity  round  is  approximately  300  meters.  On  numerous  occasions,  we  at  the 
test  board  find  that  test  proximity  rounds  detonate  immediately  after  arming. 

As  an  example,  let's  say  that  this  arming  distance  is  155  feet  for  this  particular 
round.  We  now  need  to  look  at  another  slide. 
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Htre  are  depicted  flight  profiles  the  gunner  could  see  during  •  particular  test 
mission.  Note  that  when  the  target  Is  approaching  parallel  to  the  firing  line, 
the  guns  are  also  firing  approximately  parallel  to  the  firing  line.  Without 
establishing  a  dispersion  area,  should  the  round  detonate  early,  shrapnel  could 
be  thrown  Into  Inhabited  areas,  Injuring  or  killing  personnel.  The  Safety  Officer, 
therefore,  must  take  this  possibility  Into  consideration  when  designing  a  surface 
danger  zone.  In  peacetime,  we  must  also  plan  for  worst  cases,  so  we  place  the 
point  of  detonation  on  the  Interior  edge  of  the  dispersion  area  at,  arming  distance. 
This  dispersion  area  must  not  touch  the  Safety  Zone.  Army  Regulation  385-63 
places  an  additional  safety  factor  on  surface  danger  zones,  depending  on  weapon 
caliber.  For  40ran  weapons  firing  at  aerial  targets,  this  distance  is  300  meters. 
We  now  have  a  surface  danger  zone  that  looks  as  shown  here. 

(Show  Slide  8) 

Note  that  the  surface  danger  zone  shown  here  is  open-ended.  We  also  must  deter¬ 
mine  the  maximum  distance  the  missile/gun  fires.  The  Safety  Officer  obtains 
this  data  from  TECOM  by  means  of  the  safety  release  and/or  the  contractor's 
safety  statement.  In  some  instances  the  US  Army  Ballistics  Research  laboratory 
will  produce  computer  runs  that  predict  ranges.  Look  at  this  slide. 

(Show  Slide  9) 

It  shows  us  the  maximum  range  and  maximum  ordinate  for  our  40n»i*  weapon  fired  at 
different  angles  in  relationship  to  our  gun  position.  Again  using  worst  case, 
we  know  that  our  surface  danger  zone  must  be  a  minimum  of  11  kilometers.  Again 
we  place  an  AR  385-63  Imposed  safety  zone  on  our  range  and  we  finish  with  a  surface 
danger  zone  as  shown  here.  This  is  the  completed  surface  danger  zone  for  ground- 
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(Show  Slide  10) 

When  test  ammunition  arrives  at  Fort  Bliss,  usually  that  safety  data  necessary 
for  testing  only  has  been  generated.  In  most  cases,  this  ammunition  has  been 
drop  tested,  completed  the  shake,  rattle  and  roll  test,  and  been  remotely  fired 
to  insure  proper  functioning  of  all  components.  In  some  instances,  it  has  been 
temperature  tested  also.  The  results  of  these  tests  are  in  the  safety  release 
and  we  extract  this  data  to  assist  the  Ammunition  Supply  Point  at  Fort  Bliss  in 
properly  storing  and  controlling  our  test  aiminition.  The  safety  release  will 
also  provide  us  with  recommendations  for  classification,  intraline  distance  and 
the  necessary  D.O.T.  labeling. 

In  some  instances,  components  of  ammunition  are  manufactured  at  different  locations 
and  brought  to  Fort  Bliss  for  assembly.  Some  contractors  use  a  basic  round  and 
obtain  differe:  v.  uses  by  changing  fuses  or  warheads.  We  at  Fort  Bliss  do  not 
allow  test  soldiers  to  assemble  or  change  test  anmuniti on.  We  require  the  con¬ 
tractor  to  do  this  and  he  is  required  to  generate  his  own  procedures  and  safety 
measures.  Fort  Bliss  does  provide  emergency  medical  care.  We  verify  these 
contractors'  proposed  procedures  and  assist  with  E.O.D.  support.  Because  some 
of  our  test  sites  are  located  as  far  as  50  miles  from  the  nearest  ASP,  enough 
test  ammunition  is  normally  stored  at  the  test  site  to  support  three  days'  testing. 
For  this  storage  location  we  provide  bertned  areas  and  use  trained  anmuniti  on 
specialists  to  support  same.  Technical  Manual  9-1300-206  is  our  guide  for  these 
operations.  Preparation  and  use  of  "ready"  ammunition  is  a  highly  controlled 
operation.  The  Contractor's  Draft  Equipment  Publications  are  scrutinized  to 
verify  the  procedures  against  appropriate  Army  publications.  On  one  occasion, 
this  Board  noted  that  a  recommended  way  to  link  a  single  round  was  to  place  the 
round  in  the  link-well  on  a  hard  surface,  and  strike  the  link  sharply  with  the 
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heel  of  a  boot.  Needless  to  say,  we  changed  that  procedure.  Once  the  Test 
Board  Is  reasonably  assured  a  procedure  is  safe  or  contains  minimum  risk,  it 
is  practiced  and  reconmendatl ons  made  as  to  the  validity  of  the  procedure. 

Ammunition  and  gun  safety  are  not  the  only  explosive  problems  encountered  by  an 
R&D  Safety  Officer,  especially  In  Air  Defense.  Testing  requires  we  fire  at 
realistic  targets,  consisting  of  both  scaled  and  fullscale  drones.  For  those  of 
you  not  familiar  with  the  drones  we  use  In  air  defense  testing,  I  would  like 
to  acquaint  you  with  three. 

(Show  Slide  11) 

This  slide  shows  a  QH-50  helicopter,  formerly  belonging  to  the  US  Navy.  Note 
the  bladespan  of  20  feet. 

(Show  Slide  12) 

Here  again  Is  the  QH-50,  shown  for  comparison  with  the  QUH-1B  full-scale  HUEY 
Drone.  Note  the  laser  reflecting  tape  on  the  door  of  the  QUH-1B  and  affixed  to 
Its  skids.  We  are  big  users  of  lasers  for  accurate  ranging. 

(Show  Slide  13) 

This  drone  is  the  MQM-34D.  It  is  a  scaled,  pure  jet,  capable  of  350  knots.  We 
also  use  this  drone  frequently.  Our  Board  Safety  Officer  must  examine  a  proposed 
drone  profile  and  determine  where  pieces  of  destroyed  drones  will  fall  should  the 
gunner  hit  one  during  his  engagement.  Computers  are  used  to  determine  fallout 
areas,  and  we  operate  with  a  probability  of  10-6  that  shrapnel  will  land  in  an 
Inhabited  area.  This  changes  when  we  utilize  full-scale  drone  jets  such  as  the 
F-86  Sabre  Jet.  At  Fort  Bliss,  we  take  off  and  land  these  drones  from  an  8000- foot 
runway  we  had  built  from  test  funds.  Also,  when  using  these  full-scale  drones, 
we  operate  with  a  10-4  probability  that  pieces  of  drone  will  fall  into  inhabited 
areas.  An  example  of  the  fallout  zone  for  an  MQM-34D  drone  is  our  next  slide. 


(Show  Slider  14)  •>. 

Note  that  these  fallout  zones  are  ^Isvatl on a  speed, 

and  maneuver.  On  this  particular  #**  traveling 

3  kilometers  above  ground  at  .7  Nach,  doing  a  W  diu».  Hwsre  it  no  wind. 

On  our  full-scale  drones,  we  mult  have  e  means  to  destroy  them  should  they  go 
out  of  control  or  flight  controls  be  shot  awby.  This  safety  Is  provided  by 
placing  explosives  In  each  wing  fuel  tank  with  squibs  In  them  that  fire  by  radio 
signal.  These  firing  coamands  can  be  transmitted  by  el ther  of  three  separate 
systems.  These  are  normally  the  guidance  uplink,  a  separate  radio  transmitter 
with  a  1  Megawatt  power  output,  and/or  loss  of  a  carrier  wave  for  a  fixed  length 
of  time.  The  Safety  Officer  Is  always  located  near  the  flight  controller  during 
the  mission  and  has  sole  responsibility  for  the  separate  radio  link  for  destruction. 
Needless  to  say,  we  enforce  complete  radio  and  radar  silence  while  emplacing 
and  arming  these  destruct  systems.  In  addition,  since  White  Sands  Missile  Range 
Is  nearby,  and  because  of  their  hlghpower  radios  and  radars,  we  must  coordinate 
our  destruct  system  arm  times  and  dates  with  them. 

Delegates,  I  hope  that  today  I  have  acquainted  you  with  some  of  the  duties 
encountered  by  an  R&D  Safety  Officer  during  the  planning  and  conducting  of  R4D  tests. 

Our  work  Is  not  all  problems.  When  we  see  a  new  missile  system  or  gun  system  go 
into  production,  we  know  that  we  have  contributed  to  seeing  that  the  "best  get 
the  finest."  What  are  your  questions? 


THANK  YOU 


FORT  HISS 
MANEUVER  AREA 
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ANALYTICAL  MODEL  DESIGNED  TO  PREDICT  THE  PROBABILITY  OF  EXPLOSION 
PROPAGATION  BETWEEN  ADJOINING  SINGLE  AND  GROUPED  PROJECTILES 

Introduction 

One  of  the  major  oonoems  In  the  design  and  layout  of  ammunition 
facilities  is  the  distance  separating  two  or  more  explosive  items.  Present 
hazard  classification  of  mass  detonating  ordnance  during  manufacturing, 
transportation  and  storage  of  explosive  items  is  based  on  quantity-distance 
criteria  which  relate  the  total  weight  of  explosive  to  safe  stand-off 
distances  for  personnel  and  buildings.  These  safe  stand-off  distances  are 
proportional  to  the  cube  root  of  the  explosive  weight. 

The  safe  "stand-off"  or  separation  distance  between  explosive  items, 
such  as  two  adjacent  projectiles  on  an  assembly  line,  does  not  follow  the 
same  scaling  law.  Past  and  current  methods  of  determining  this  safe 
separation  distance  involve  experiments  with  prototype  explosive  items.  A 
typical  experiment  would  involve  a  donor  item  (i.e.,  the  explosive  item 
that  is  detonated)  flanked  on  both  sides  by  an  acceptor  as  shown  in  Figure 
1 .  The  distance  between  the  accepters  and  donor  is  predetermined ,  ard  the 
acceptors  art  observed  to  either  detonate  or  not  detonate  as  the  donor  Item 
i3  exploded.  The  separation  distance  between  acceptors  and  donor  is  varied 
until  a  particular  distance  (minimum)  is  established  to  be  safe.  A 
sufficient  number  of  tests  are  performed  at  this  distance  and  statistical 
procedures  are  applied  to  the  results  to  determine  the  confidence  level. 

Although  this  procedure  is  straightforward  and  valid,  it  requires  that 
a  larj'e  number  of  tests  be  performed  to  achieve  a  statistically  reliable 
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conclusion.  Today,  this  form  of  determining  safe  separation  distances 
between  explosive  items  can  run  in  the  millions  of  dollars  for  every  type 
of  projectile  and  configuration.  Furthermore,  these  tests  do  not  provide 
information  on  other  factors  that  influence  the  propagation,  such  as 
sensitivity  of  explosive  material  to  velocity  of  striking  fragment,  size  of 
the  fragment,  etc. 

Consequently,  Arthur  D.  Little,  Incorporated,  under  contract  to 
ARRADCOM  developed  an  analytical  model  to  predict  the  safe  separation 
distance  between  explosive  items  (ref.  1).  The  model  was  based  on  50 
percent  probability  of  propagation,  however,  this  is  lower  than  the  desired 
90  to  95  percent  confidence  and  probability  level  a3  obtained  from  standard 
separation  tests.  This  paper  describes  qualitatively  the  work  done  by 
Amnann  &  Whitney,  Consulting  Engineers,  and  ARRADCOM  (ref.  2)  in  modifying 
the  model  to  obtain  confidence  levels  consistent  with  that  performed  by  the 
standard  tests,  and  also  to  include  other  projectile  configurations  not 
covered  initially.  It  should  be  emphasized  that  there  is  still  room  for 
extension  of  the  model  as  more  te3t  data  becomes  available. 


Development  of  the  Model 

Various  Investigators  (refs.  3.  and  5)  have  compiled  data,  both 
theoretical  and  empirical,  on  the  characteristic  properties  of  fragments 
from  detonated  projectiles.  This  model  is  based  on  such  data,  and  results 
of  recent  experiments  performed  at  ARRADCOM  in  New  Jersey  and  at  the  Naval 
Surface  Weapons  Center  in  Virginia  which  have  been  used  to  make  required 
corrections  and/or  modifications  to  the  model  (refs.  6  and  7). 
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The  development  of  the  model  was  centered  on  the  assumption  that  the 
sensitivity  of  an  aooeptor  projectile  to  detonation  is  related  to  the 
following: 

1.  Velocity  of  striking  fragment 

2.  Presented  area  of  the  fragment 

3.  Obliquity  angle  at  impact 

4.  Thickness  of  casing  of  acceptor  projectile  and 

5.  Type  and  amount  of  charge  in  projectile. 

Penetration  of  the  steel  casing  and  high-order  detonation  of  the 
acceptor  projectile  are  both  considered  failure  criteria.  The  empirical 
formula  estimating  the  average  initial  velocity  of  fragments  from  an 
exploding  container  (ref.  8)  is  used  in  the  model  and  modifications  are 
made  to  Gurney's  constant  for  Composition  B  and  other  materials,  based  on 
sensitivity  tests  performed  at  ARRADCOM  (ref.  9)  and  other  test  data. 

The  variation  of  fragment  velocity  and  mas3  with  polar  angle  is 
formulated  and  incorporated  in  the  model.  Experiments  performed  at  various 
facilities  and  especially  at  the  Naval  Surface  Weapons  Center  in  Virginia 
show  that  for  cylindrical  projectiles,  the  greatest  density  of  fragments  is 
contained  in  a  narrow  beamspray  generally  located  in  the  central  polar  zone 
(ref.  7).  The  fragments  with  the  highest  velocities  are  also  found  in  the 
same  region  which  is  centered  at  the  90-degree  mark  from  the  nose  of  the 
projectile  (fig,  2). 

The  variation  of  the  velocity  of  a  fragment  with  its  mass  and  3hape  is 
accounted  for  in  the  model  using  the  equation  presented  in  Rindner's  work 
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(ref.  10).  The  reliability  of  the  model  was  further  Improved  by 
oonsiderlng  the  veloeity  of  a  striking  fragment  that  would  cause  some 
deflagration  of  the  charge,  as  the  oritioal  velocity.  One  other  factor 
considered  in  the  model  is  the  relationship  of  the  angle  at  which  a 
fragment  strikes  a  projectile  to  the  reaction  of  the  explosive  oharge 
contained  in  the  projectile. 

The  relationships  described  qualitatively  above  supply  us  with  a 
method  of  predicting  the  probability  of  detonation  propagation  between 
explosive  items  for  a  given  separation  distance.  The  Iterative  method 
which  involves  a  series  of  equations  has  been  programmed  for  the  IBM- 1130 
computer  and  the  method  will  be  described  briefly  in  the  next  section. 

Procedure  for  Computing  the  Probability  of  Detonation  Propagation  for  a 
Given  Separation  Distance 

Step  1 . 

* 

The  average  outside  diameter  taken  at  the  intersection  of  the 
projectile  and  the  average  casing  thickness  of  the  projectile  are  obtained 
from  a  scaled  drawing  of  the  projectile. 

Step  2. 

Using  the  equations  developed  in  the  model,  the  average  initial 
velocity  of  fragments  emitted  from  such  a  projectile  is  determined.  The 
value  of  Gurney'3  constant  used  depends  on  the  type  of  explosive  contained 
in  the  projectile. 
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Step  3. 

On  a  scaled  drawing  as  shown  in  Figure  3,  with  the  donor  and  aooeptor 
projectiles  spaced  a  predetermined  distance  and  their  bases  on  the  sane 
level,  dividing  rays  for  polar  zones  of  10  degrees  centered  at  multiples  of 
10  degrees  are  laid  off.  The  zones  in  which  fragments  can  hit  the  acceptor 
projectile  (ignoring  the  base  plate  and  fuze  section)  are  determined. 

Step  4. 

For  each  10-degree  zone,  the  critical  mass  of  fragment  (i.e.,  the  mass 
of  fragment  that  will  cause  detonation)  is  determined  through  an  iterative 
process. 

Step  5. 

Again,  for  each  10-degree  zone,  tne  number  of  elements  with  masses 
exceeding  the  critical  mass  determined  in  Step  4  is  calculated. 

Step  6. 

The  probability  of  detonation  is  now  determined  based  on  the  results 
of  Steps  1  through  5- 

The  procedure  was  used  to  predict  the  probability  of  detonation 
propagation  between  individual  81mm  M374A1  projectiles  spaced  at  a  distance 
of  21.08  inches  (0.54  meter).  The  iterative  calculations  gave  a 
probability  of  6.4  percent  compared  to  test  results  (ref.  11)  which  showed 
a  probability  of  5-1  percent  at  a  95  percent  confidence  level. 
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Extension  of  Model  to  Include  Grouped  Projectiles  and  Individual 
Projectiles  with  Shielding 

The  procedures  outlined  in  the  preceding  sections  were  used,  with 
slight  modifications,  to  predict  the  probability  of  detonation  propagation 
for  different  projectile  configurations.  The  reliability  of  the  model  for 
such  configuration  is,  however,  not  as  high  as  that  determined  for  single 
projectiles  with  no  shielding.  The  reason  for  this  was  the  unavailability 
of  sufficient  experimental  data  with  which  the  predictions  of  the  model  can 
be  compared. 

Grouped  Projectiles 

In  the  case  of  single  projectiles,  it  was  assumed  that  the  source  of 
explosion  was  rotationally  symmetric  about  the  longitudinal  axis  and, 
therefore,  the  characteristics  of  the  fragments  emitted  from  the  exploding 
projectile  were  functions  of  the  polar  angle  only.  This  assumption  i3  true 
for  grouped  projectiles  if  arranged  in  a  square  matrix  format  as  shown  in 
Figure  4.  When  such  a  format  is  not  possible,  the  variations  of  fragment 
mass  and  velocity  with  the  azimuthal  angle  have  to  be  incorporated  into  the 
model.  Reference  7  provided  the  bulk  of  the  information  upon  which  the 
modifications  to  the  analytical  model  were  based. 

Parameters  developed  for  single  projectiles  were  used  for  grouped 
projectile;  however,  no  favorable  correlations  were  obtained  between  model 
prediction  and  test  results.  For  ari  example,  a  separation  distance  of  360 
inches  (109-7  meters)  between  two  groups  of  16  (4  x  4)  105mm  Ml 
projectiles,  the  model  predicted  a  probability  of  detonation  of  20.6 
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percent  compared  to  10  percent  at  a  95  percent  confidence  level  provided  by 
test  results  (ref.  12). 

Individual  Projectiles  with  Shielding 

To  account  for  shielding  in  the  model,  the  notion  of  residual  velocity 
was  introduced.  Data  collected  and  analyzed  by  the  Ballistic  Research 
Laboratories  as  part  of  Project  THOR  (ref.  3)  showed  the  variation  of  the 
velocity  of  a  fragment  after  it  passes  through  a  shield  (i.e.,  residual 
velocity)  with  the  initial  velocity  of  the  fragment,  the  thickness  of  the 
shield,  the  mass  of  the  fragment  and  the  angle  at  which  the  fragment 
strikes  the  shield.  The  formulations  presented  in  the  BRL  report  were 
incorporated  in  the  analytical  model. 

As  in  the  case  of  grouped  projectiles,  the  reliability  of  the  model 
for  shielded  projectiles  could  not  be  determined  due  to  insufficient  test 
data.  However,  when  the  model  was  used  to  predict  the  probability  of 
detonation  of  individual  8-inch  M106  HE  projectiles  spaced  at  a  distance  of 
12  inches  (0.305  meter)  with  a  3-inch  diameter  aluminum  bar  placed  between 
the  donor  and  acceptor  projectiles,  as  shown  in  Figure  5r  a  value  of  zero 
was  obtained.  Test  results  showed  that  out  of  50  observations  involving 
the  same  projectiles  and  configuration,  no  propagation  was  observed,  thus 
providing  an  upper  limit  of  7.1  percent  for  a  95  percent  confidence  level 
(ref.  6) . 
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Conclusions  and  Rsoommendatlons 
CgggjLualgna 

1.  The  model  described  herein  provides  a  method  of  investigation  with 
guidelines  to  aaoertain  the  probability  of  detonation  propagation 
between  adjoining  single  and  grouped  explosive  items. 

2.  Use  of  model  prior  to  conducting  exploratory  tests  oan  minimize 
the  number  of  testa  conducted,  while  the  starting  separation 
distances  will  be  oloser  to  the  non-propagation  distance. 

Recommend stions 

1.  To  oompute  the  separation  distance  far  a  given  probability  of 
detonation,  the  iterative  procedure  described  in  the  model  should 
be  repeated  for  each  trial  value  of  S,  the  separation  distance, 
until  the  required  probability  of  detonation  propagation  is 
achieved. 

2.  Certain  approximations  and  assumptions  made  in  the  model  affect 
its  accuracy,  especially  for  grouped  projectiles.  The  accuracy  of 
the  model  would  be  enhanced  by  appropriate  experiments  such  as 
arena  tests  for  grouped  projeotile3,  sensitivity  and  fragmentation 
tests  for  both  simple  and  grouped  projectiles. 
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This  model  provides  a  method  for  establishing  the  fragment  hazard  produced 
by  the  mass-detonation  of  stored  ammunition  stacks.  Fragmentation  characteris¬ 
tics  used  as  input  are  derived  from  small-scale  arena  tests.  In  the  case  of 
projectiles,  the  small  scale  test  may  consist  of  one  or  more  pallets  positioned 
tu  yield  a  representative  sample  of  an  entire  stack.^ 

Hazardous  fragmentation  at  any  distance  is  currently,  defined  as  having  a 
density  equal  to,  or  greater  than,  1/600  fragments  per  sqqare  foot  and  each 
fragment  making  up  the  density  having  a  kinetic  energy  at  mwct  equal  to,  or 
greater  than,  58  ft-lbs.  x> 

The  unique  feature  of  the  model  lies  in  the  fact  that  a  complete  trajectory 
is  calculated  for  each  fragment  recovered  in  the  small  scale  arena  tests.  Using 
the  Dahlgren  main  computer,  approximately  200  fragments  per  minute  can  be 
processed. 

Past  tests  have  demonstrated  that  virtually  all  the  fragmentation  going 
down-range  is  produced  by  the  ordnance  (projectiles,  bombs,  etc.)  on  the  face 
of  the  stack.  Fragmentation  from  the  ordnance  in  the  interior  of  the  stack  is, 
for  the  most  part,  contained  within  the  stack.  When  a  stack  is  detonated, 
fracpnent  jets  are  produced  between  adjacent  items  on  the  face  of  the  stack. 

The  width  of  the  jet  Is  dependent  on  the  method  of  stack  initiation.  When  all 
units  are  detonated  simultaneously,  the  jet  is  typically  10  degrees  wide.  If 
only  one  or  two  donor  projectiles  are  Initially  detonated,  the  jet  width  is 
more  typically  20  degrees.  These  jets  are  referred  to  as  interaction  areas. 

The  greatest  densities  and  highest  velocities  are  produced  within  the  inter¬ 
action  areas.  For  safety  reasons,  the  fragmentation  characteristics  of  the 
Interaction  areas  are  used  for  input  to  the  model.  The  interaction  areas 
overlap  at  relatively  short  distances  down-range  and  can  therefore  be  added 
together  to  represent  the  cumulative  effect  of  large  stacks. 

Figure  1  shows  a  single  pallet  of  projectiles  with  a  one  degree  azimuthal 
slice  through  an  interaction  area.  Tne  one  degree  slice  has  been  selected  for 
mathematical  convenience.  The  slice  could  be  as  large  as  10  or  20  degrees 
depending  on  the  method  of  stack  Initiation.  From  arena  tests,  the  fragmenta¬ 
tion  characteristics  can  be  established  for  the  full  90  degrees  of  ejection 
angle.  Individual  fragment  trajectories  can  then  be  calculated  to  establish 
hazardous  density  versus  range  in  terms  of  discrete  range  increments.  The 
hazardous  density  equation  is  shown  at  the  bottom  of  Figure  1. 
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Figure  2  shows  the  fragmentation  Input  to  the  program.  Each  fragment 
recovered  In  the  arena  tests  Is  assigned  Its  own  specific  characteristics. 

The  ejection  zone  and  Initial  velocity  for  each  fragment  Is  obtained  from  the 
instrumented  arena.  Frequent  weight  Is  measured  on  a  scale  and  fragment 
average  presented  area  Is  measured  on  an  Icosahedron  gage.  Subsonic  drag 
coefficient  (Mach  no.  <.75)  has  been  correlated  with  the  ratio  of  maximum  to 
minimum  fragment  presented  area.  The  remainder  of  the  drag  curve  Is  approxi¬ 
mated  from  the  historically  known  shape  of  fragment  drag  curves. 

The  program  has  two  options.  The  first  uses  average  values  for  the 
variables  shown  In  Figure  2.  The  second  Is  a  Monte-Carlo  option  where  the 
uncertainty  In  ejection  angle  (E),  Initial  velocity  (V),  and  drag  coefficient 
(CD)  are  simulated  by  sampling  from  appropriate  frequency  distributions. 

The  fragment  trajectory  for  each  fragment  Is  calculated  using  a  fourth 
order  Runge-Kutta  routine  (Figure  3).  The  trajectories  are  3-D  with  2-D 
wind  velocities.  Air  density  and  sound  speed  are  functions  of  altitude. 

The  sound  speed  is  used  for  calculating  the  CD  -  Mach  no.  relationship.  The 
distance  and  kinetic  energy  at  Impact  are  recorded  for  each  fragment.  The 
kinetic  energy  determines  whether  the  fragment  Is  hazardous.  Summing  the 
number  of  hazardous  fragments  In  each  distance  Increment  and  dividing  by 
the  area  of  the  one  degree  distance  increment  yield  the  hazardous  density. 
This  is  compared  wlthttie  hazardous  density  criteria  to  see  If  the  criteria 
has  been  met. 

The  program  outputs  a  table  as  shown  In  Figure  4.  In  addition  to  the 
number  of  hazardous  fragments  and  the  hazardous  fragment  density,  the  table 
Includes  the  same  information  for  the  total  (hazardous  and  non-hazardous) 
fragments  and  the  ratio  of  hazardous  to  total  number  of  fragments. 

From  the  output  data,  hazardous  density  may  be  plotted  as  a  function  of 
distance  as  shown  on  the  left  side  of  Figure  5.  In  this  example  the  number 
of  Interaction  areas  (NIA  -  approximately  the  number  of  projectiles)  Is  set 
to  50.  The  density  Is  proportional  to  the  number  of  Interaction  areas;  that 
Is,  If  the  NIA  were  doubled  then  the  density  for  all  distances  would  also  be 
doubled.  Mind  has  a  significant  effect.  A  tailwind  will  Increase  both 
distance  and  Impact  kinetic  energy  as  shown  by  the  upward  and  right  shift  of 
the  peak  on  Figure  5.  The  approximate  Increase  in  distance  due  to  wind  Is 
equal  to  the  wind  velocity  times  the  time  of  flight. 

The  density  versus  distance  data  may  be  translated  Into  hazardous 
distance  versus  number  of  projectiles  as  shown  on  the  right  side  of  Figure  5. 
Knowing  the  hazardous  density  for  an  NIA  of  50,  the  NIA  for  a  density  of 
1/600  fragments  per  square  foot  can  be  calculated  using  proportions.  The 
dotted  lines  on  the  plot  at  the  right  represent  a  current  uncertainty  for 
very  short  distances.  Additional  work  with  small  ejection  angles  and  lighter 
fragments  Is  necessary  to  evaluate  the  contribution  from  hitting  a  standing 
man  at  short  distances. 
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The  essential  characteristics  of  the  program  are  as  follows: 

-  Fragmentation  characteristics  derived  from  representative  small 
scale  arena  tests 

-  Individual  3-D  fragment  trajectories 

-  2-D  wind  (hormonal  plane) 

-  4th  order  Runge-Kutta  Method 

-  Average  value  and  Monte-Carlo  options 

-  Air  density  a  function  of  altitude 

-  Sound  speed  (Mach  no.)  a  function  of  altitude 

-  Drag  coefficient  a  function  of  the  maximum  to  minimum  fragment 
presented  area  ratio 

-  Handle  different  hazard  criteria 

-  Output 

Hazardous  density  versus  distance 

Hazardous  distance  versus  number  of  projectiles  (bombs,  warheads, 
etc.)  on  the  face  of  the  stack  is  determined  from  the  density  tables. 
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SEVERITY  OF  MASS  DETONABLE  MUNITIONS 
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ABSTRACT 

'Shielding  and  orientation  tests  Mere  conducted  which  demonstrate 
the  feasibility  of  preventing  propagation  of  detonation  and  reduction 
of  fragment  hazards  to  Inhabited  areas  as  a  result  of  the  detonation  of 
a  single  pallet  of  8-1nch  projectiles  within  an  ammunition  storage 
area.  Repetitive  tests  were  conducted  to  minimize  explosion  size  and 
reduce  to  zero  the  lethal  fragment  hazard  at  finite  distances  from  the 
storage  areas.  The  shielding  materials  used  were  fabricated  from 
readily  available  lightweight  materials  at  low  production  cost.  These 
tests  demonstrate  the  potential  for  easy  access,  open  storage  of  H.E. 
munitions  In  the  vicinity  of  Inhabited  buildings.,^ 


INTRODUCTION 


The  specific  task  criteria  for  this  study  was  to  reduce  to  accept¬ 
able  levels  blast  and  numbers  of  hazardous  fragments  at  50-meters  and 
beyond  from  ary  side  of  an  open  storage  bunker.  Acceptable  levels  for 
hazardous  fragments  were  defined  under  currently  applicable  DoD  explo¬ 
sive  hazard  safety  standards  as  those  fragments  whose  kinetic  energy  at 

impact  exceeds  78.6  Joules  (58  ft-lb),  with  a  density  of  such  fragments 

2  2 

not  exceeding  one  per  55.7m  (600  ft  ). 


To  reduce  explosion  end  fragment  severity  at  a  result  of  detonation 
In  mass  detonable  Munitions*  an  appropriate  shielding  Material  mss 
developed  which  would  specifically  reduce  the  major  problem  areas  . 
associated  with  palletized  munitions;  such  as  a  large  reaction  threshold 
distance,  "jetting"  interaction,  and  Increased  donor  size  with  larger 
scaled  tests.  Such  parameters  as  packing  density,  bunker  size,  availa¬ 
bility  of  materials,  and  construction  costs  were  considered. 

PRELIMINARY  TESTS 

The  shielding  material  chosen  for  these  tests  consisted  of  a 
mixture  of  one  part  cement,  two  parts  sand,  and  four  part^vefmlcullte. 
This  mixture  yields  a  relatively  lightweight  materlaf  which  can  help 
minimize  fragment  lethality. 

Several  tests  were  conducted  tc  verify  that  the  shielding  material 
would  satisfy  the  specific  requirements  of  the  task.  Also  studied  In 
these  tests  were  a  packing  configuration  and  different  shielding  thick¬ 
nesses. 

A  test  setup  for  a  single  shield  between  any  two  neighboring 
pallets  Is  shown  In  Figures  1  and  2.  The  distance  skln-to-skln  for  the 
projectiles  was  one  meter.  The  shielding  thickness  was  10.16cm.  Both 
donor  projectiles  were  detonated  simultaneously.  One  of  the  two  acceptor 
projectiles  reacted,  while  the  other  sustained  multiple  fragment  impacts. 
This  was  considered  unacceptable.  An  Increased  donor  size,  as  would  be 
the  case  with  a  full  pallet,  could  cause  a  detonation  In  the  acceptor 


1144 


stuck,  thus  yielding  a  potential  mkss  detonation  and  •  severe  over* 
pressure  situation. 

A  test  setup  for  shielding  materiel  pieced  around  each  pallet, 
l.e.,  double  shields  between  neighboring  pallets.  Is  shown  In  Figures  3 
and  4.  The  distance  sk1n-to*sk1n  for  the  projectiles  was  one  meter. 

The  shielding  thickness  was  10.16cm.  Both  donor  projectiles  were 
detonated  simultaneously.  Both  acceptor  projectiles  sustained  fragment 
damage.  This  was  acceptable  for  non* reactions  In  adjoining  pallets, 
but  still  posed  the  problem  of  a  high  density  of  hazardous  fragments 
being  ejected  from  the  donor  pallet  beyond  the  50-meter  standoff  dis¬ 
tance. 

The  previous  test  was  repeated  with  a  shielding  material  thickness 
of  15.24cm.  Figures  5  and  6  give  an  overview  of  this  test  setup  and 
results.  Both  acceptor  projectiles  sustained  minor  fragment  damage  at 
the  rotating  band.  There  was  no  evidence  of  any  other  fragment  damage 
to  the  projectiles. 

The  test  setup  shown  In  Figures  7  and  8  is  a  simulation  of  the 
same  packing  and  shielding  configuration.  In  this  test  the  fragment 
hazard  beyond  an  outside  bunker  wall  was  evaluated.  The  wall-to-shleld 
distance  was  one  meter.  The  shielding  material  thickness  was  15.24cm. 
The  cinder  blocks  used  were  39.7cm  x  19.4cm  x  19.4cm  standard  block. 

The  block  wall  was  built  with  no  mortar  joints,  staggered  rows,  and  no 
filler  In  the  voids.  The  wall  was  backed  with  sandbags  so  as  to  give  a 
semi-rigid  support.  The  middle  row  of  bags  was  filled  with  a  red  rock, 
with  an  average  size  equal  to  approximately  4cm.  This  was  used  to  help 


Indicate  tea  quantity  of  debris  (potential  Hazardous  frapntnts)  wtilcli 

night  bo  ejected  frcn  th«  wall*  glvon  a  pal  lot  dotonatlon  newt  to  teo 

wall.  Outsldo  the  sandbag  wall  was  placod  fill  dirt.  The  row  Ha  of 

the  test  sbowad  that  this  typo  of  wall  could,  with  minor  Modifications. 

roduco  fragmant  hazards  to  an  accaptabla  laval  beyond  tha  50-mater 

mark.  In  a  pradatenalnad  ra covary  zona,  fragnants  ware  recovered  which 

comprised  of  rod  rock,  clndorblock.  and  projectile  ejecta.  The  acomu- 

2 

latlve  density  of  the  recovered  fragments  was  one  fragment  per  37.2m 
(400  sq.  ft2}.  The  largest  fragment  recovered  was  250  grams,  and  the 
smallest  was  30  grams,  with  an  average  of  85  grams. 

The  final  test  In  this  series  would  utilize  a  shielding  configura¬ 
tion  as  shown  In  Figure  9.  The  shielding  thickness  was  15.24cm.  The 
shielding  would  be  placed  completely  around  the  existing  pallet,  leaving 
no  exposed  projectile  side  walls  to  possible  fragment  impact. 

The  test  setup  is  Illustrated  In  Figure  10,  with  before  photo¬ 
graphs  In  Figure  11.  The  wall-to-shleld  distance  for  both  the  donor 
and  acceptor  pallet  was  one  metar.  The  skln-to-skln  distance  between 
the  donor  and  acceptor  pallets  was  one  meter.  Only  one  donor  projectile 
(0)  was  Intentlally  detonated,  causing  the  other  five  donors  to  amss- 
de ton ate.  The  donor  H.E.  weight  was  approximately  90.7  kilograms. 
High-speed  cameras  were  located  at  various  locations  to  photograph  any 
debris  or  projectile  ejecta  which  might  go  beyond  the  50-meter  distance. 

i 

i 

I 
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Th«  simulated  outstdo  bunker  wall  was  com  true  tod  In  a  similar  aenrer 
•s  previously  mentioned,  with  additional  fill  «Hrt  pieced  on  tho  outsldo 
surface  (appf oxime tly  6 lea  horizontal  distance).  Pressure  gagas  ware 
also  placad  directly  behind  the  wall  at  the  50-re  ter  distance. 

The  test  results  showed  that  the  blast  and  fragment  hazard  could 
be  reduced  significantly  with  this  type  of  configuration.  After  photo¬ 
graphs  are  shown  In  Figures  12  and  13.  The  acceptor  projectiles  sus¬ 
tained  minimal  damage,  slight  fragment  damage  on  the  rotating  bands, 
and  slight  squashing.  Four  of  the  acceptor  projectiles  were  removed 
approximately  4.0  maters  from  their  original  test  locations.  The  other 
two  ware  5.8  meters  and  17.0  meters,  respectively.  Peak  pressure 
readings  on  the  donor  side  at  50-meters  ware  at  approximately  0.007  MPa 
(1  pst)  (expected  was  approximately  0.03  MPa  (5  psl)).  A  recovery  zone. 
Illustrated  In  Figure  14,  was  laid  out  to  determine  potential  hazardous 
fragment  densities.  On  the  acceptor  side,  most  of  the  debris  from  the 
sandbags,  earth  fill,  and  cinder  block  wall  were  within  a  20-meter 
distance  of  the  original  walls.  Several  large  cinder  block  fragments 
were  recovered  in  this  area,  with  weights  ranging  from  approximately 
0.2  kg  to  approximately  3.6  kg.  No  debris  was  recovered  outside  the 
50-meter  distance.  On  the  donor  side,  large  numbers  of  hazardous 
fragments  and  debris  were  recovered  within  a  20-meter  distance.  The 
number  of  fragments  recovered  between  20  and  50  meters  were  far  fewer, 
yielding  a  fragment  density  In  the  recovery  zone  of  approximately  1 
fragment/610  sq.ft.  Fragment  messes  ranged  from  approximately  4.0  grams 


to  approximately  250  grans,  with  an  average  mass  of  approximately  70 
,,raMS.  Between  50- waters  and  100  inters,  the  recovered  fragannt  density 
was  approximately  1  fragannt/3360  sq.ft.  No  attnapt  was  made  to  deter¬ 
mine  which  of  these  fragments  were  actually  hazardous  based  on  K.E. 
calculations.  Fragment  messes  ranged  from  approximately  3  grams  to 
approximately  230  grams,  with  an  average  mass  of  approximately  30 
grans. 

mmim 

With  a  proper  shielding  and  packing  configuration,  blast  and 
hazardous  fragments  generated  as  a  result  of  a  detonation  of  a  single 
pallet  of  8-1nch  projectiles  In  an  open  storage  bunker  can  be  contained 
and  reduced  to  near  zero  at  finite  distances  from  the  storage  areas. 
These  tests  demonstrate  the  potential  for  easy  access,  open  storage  of 
H.E.  munitions  in  the  vicinity  of  inhabited  buildings.  Figure  15 
Illustrates  a  type  of  proposed  open-storage  bunker.  In  this  type  of 
bunker,  walk-throughs  would  be  provided  to  allow  explosive-handler 
personnel  access  to  the  Inside  for  Inspections  and  removal  of  the 
munitions.  The  actual  removal  of  the  munitions  would  be  achieved  with 
the  usage  of  a  overhead  crane.  The  numbers  of  munitions  stored  would 
be  limited  on  the  width;  this  being  dependent  on  the  extended  reach  of 
the  crane.  The  length  would  only  be  limited  by  the  space  provided  for 

t 

the  bunker.  Figure  16  illustrates  the  same  type  of  bunker  with  a 
different  pecking  arrangement.  Its  only  advantage  over  the  afore¬ 
mentioned  design  is  the  larger  number  of  munitions  stored  per  unit 
area. 
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TEST i  TAA12MA1 
DATE:  18  DECEMBER  1981 
TIKE:  15:10  HST”' 


4  EACH 

8  Inch,  M106,  H.E. 
PROJECTILES 


ill 


SHIELDING: 


I 


[ip 

In 


i 


— /- 

SHIELDING 


PROJECTILES: 


inu  STEEL  ARMOR  BASE  / 

WITNESS  PLATE  SANDBAG  ADJOINING 

6.35cm  THICK  PROJECTILE 

ES:  4  EACH  SIMULAT0RS 

8  Inch,  M106,  H.E. 

TNT  LOADED 
LOT  10P-13-11 
WITH  SUPPL.  CHARGE  D680 
IN  PALLET  CONFIGURATION 

NG:  1  EACH  -  PLACED  CENTERLINE  BETWEEN  DONOR  AND  ACCEPTOR 
PROJECTILES,  10. 16cm  THICK 

1  PART  CEMENT 

2  PARTS  SAND 

4  PARTS  ZONOLITE 

ACCEPTOR  PROJECTILE  "A"  DID  NOT  REACT,  WAS  RECOVERED 
INTACT:  120. Om,  35°  LEFT  OF  ORIGINAL  TEST  POSITION; 
SUSTAINED  MINIMAL  FRAGMENT  DAMAGE.  THERE  WERE  MO  IMPACTS 
WITH  AN  AVERAGE  DEPTH  OF  ~  5. Own.  ACCEPTOR  "B"  REACTED 
BUT  DID  NOT  LEAVE  AN  IMPRESSION  IN  THE  BASE  WITNESS  PLATE 
AT  THE  ORIGINAL  TEST  POSITION.  THERE  WERE  LARGE  FRAGMENTS 
AND  SOME  TNT  RECOVERED.  THE  WITNESS  PLATE  HAD  AN 
IMPRESSION  BENEATH  THE  ORIGINAL  TEST  POSITION  OF  EACH 
DONOR  PROJECTILE. 


RESULTS: 
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FIGURE  1 
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FIGURE  4 


OVERALL  VIEW  OF  TEST  SETUP  -  8EF0RE  TEST  -  SHOWING  VIEW  OF  RECOVERED  ACCEPTOR  PROJECTILE  *8' 

PROJECTILE/SNIELOING  CONFIGURATION  (DONORS  AT  LEFT) 


TEST:  TAA1130A1 
DATE:  30  NOVEMBER  1981 
TIME:  11:27  MST 


4  EACH 


8  inch,  M106,  H.E. 
PROJECTILES 


LOT  10P-13-11 

WITH  SUPPL.  CHARGE  0680 

IN  PALLET  CONFIGURATION 

SHIELDING-:  2  EACH,  15.24cm  THICK 

1  PART  CEMENT 

2  PARTS  SAND 

4  PARTS  ZONOLITE 


RESULTS:  BOTH  DONORS  (D) DETONATED,  ACCEPTOR  PROJECTILES  Aa  and  Ab 
DID  NOT  REACT,  WERE  RECOVERED  INTACT:  Aa  -  128.02m,  35° 
LEFT  OF  ORIGINAL  TEST  POSITION.  Ab  -  88.39m,  15°  RIGHT 

OF  ORIGINAL  TEST  POSITION.  BOTH  ACCEPTORS  SUSTAINED  SLIGHT 
DAMAGE  TO  ROTATING  BANDS:  NO  FRAGMENT  IMPACTS.  WITNESS 
PLATE  HAD  IMPRESSION  BENEATH  ORIGINAL  TEST  POSITION  OF  EACH 
DONOR  PROJECTILE. 
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FIGURE  5 


TEST:  TAA0803A2 
DATE:  3  AUGUST  1982 
TIf€:  15:00  HDT 


EACH 


8*.  M06.  H.C. 
PROJECTILES 
YMT  LOADED 
LOT  #10P'I3-ll 
WITH  SUPL. 
CHARGE  0680 


ENTIRE  SETUP 
PLACED  ON  LEVEL 
GROUND 


SHIELDING:  '• 
15.24cm  THICK 

1  PART  CEMENT 

2  PARTS  SAND 


FASTAX 

camera 

HXL -FRAME-' 
COLOR 


SANDBAG 

ADJOIHIMG 

PROJECTILE 

SIMULATORS 


ft 

FASTAX  CAMERA 
FULL-FRAME  COLOR 


FIGURE  7 


TEST :  TAA0803A2 

DATE:  3  AUGUST  1982 
TIME:  15:00  MDT 


s  \  . 


,  *  ■  -t  . 

:  .»*  ’ 


OVERALL  VIEW  OF  TEST  SETUP  -  BEFORE  TEST 
SHOWING  PROJECTILE/SHIELDING  CONFIGURATION 


VIEW  OF  TEST  SETUP  -  BEFORE  TEST  - 
SHOWING  PROJECTILE/SHIELDING  CONFIGURATION 
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FIGURE  8 
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VIEW  OF  RECOVERED  ACCEPTOR 
PROJECTILES  -  AFTER  TEST  - 
SHOWING  SQUASHING  DAMAGE  TO 
PROJECTILES 
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VIEW  OF  RECOVERED  ACCEPTOR 
PROJECTILES  -  AFTER  TEST 
SHOWING  FRAGMENT  DAMAGE  ON 
ROTATING  8ANDS 


FIGURE  13 
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ADVANCED  DEVELOPMENT  OF  INSENSITIVE  PBX'S  FOR 
LESS  VULNERABLE  MUNITIONS 

MAX  J.  STOSZ 

NAVAL  SURFACE  WEAPONS  CENTER 
WHITE  OAK,  SILVER  SPRING,  MARYLAND  20910 


ABSTRACT 


Three  approaches  that  can  be  taken  to  formulate  safer 
explosives  are: 


Use  of  low  energy  explosives ; 
Use  of  fuel/ oxidizer  mixtures, 


L_ 


fiM 


'V  Use  of  soft,  rubbery  explosives* 


f  -»»-  Munition  vulnerability  is  strongly  affected  by  the  explo¬ 
sive's  properties,  but  is  also  very  dependent  on  the  warhead 
physical  characteristics.  Other  things  that  affect  vulnera¬ 
bility  include  the  quality  of  the  explosive  charge,  ambient 
conditions,  the  presence  of  other  ordnance  items,  and  the  way 
external  energy  is  deposited  into  the  explosive. 


An  insensitive  explosive  must  not  react  easily  to  external 
stimuli,  or  must  react  mildly  under  a  variety  of  conditions. 

The  difference  in  sensitivity  must  be  large  enough  in  practical 
situations  to  be  worthwhile.  Test  results  will  be  discussed 
that  show  that  certain  new,  high-performance  explosives  also 
have  exceptionally  good  vulnerability  behavior. 

r- 


INTRODUCTION 


v. 


For  over  twenty  years,  the  Navy  has  been  developing  two 
new  types  of  explosives  that  have  demonstrated  exceptionally 
good  vulnerability  behavior  compared  to  conventional  TNT-based 
melt-cast  explosives  and  standard  pressed  explosives.  Pre¬ 
viously,  applications  requiring  good  vulnerability  have  resorted 
to  using  low-energy  explosives,  such  as  Explosive  D,  DATB  and 
picric  acid.  The  poor  performance  characteristics  of  such 
explosives  restricted  their  use  to  situations  where  there  was 
no  alternative.  Aircraft  carrier  fires,  train  fires,  and  other 
accidents  that  have  produced  violent  explosive  reactions  have 
pointed  out  the  need  for  less  vulnerable  munitions.  It  has 
also  been  shown  that  the  vulnerability  of  complex,  high-value 
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launch  platforms,  such  as  tanks  and  ships,  is  very  dependent 
on  the  vulnerability  of  on-board  munitions.  Above-the-waterline 
storage  of  ordnance  on  ships  has  caused  concern  about  the  impact 
of  this  on  ship  survivability. 

This  paper  describes  fairly  recent  developments  by  the 
Navy  of  two  types  of  high-performance,  insensitive  plastic 
bonded  explosives  (PBX's).  The  insensitive  PBX's  are  SQft, 
rubbery  explosives  that  have  energetic,  powdered  solids 
incorporated  into  polymeric  binders.  While  these  explosives 
have  been  under  development  for  quite  a  few  years,  there  is 
still  some  concern  about  their  use  in  munitions  because  they 
have  unusual  properties.  They  appear  to  be  sensitive  when 
tested  in  some  standard  tests,  such  as  the  small-scale  drop- 
weight  impact  tester.  Furthermore,  the  new  PBX's  are  similar 
to  composite  propellants,  have  more  complicated  compositions, 
cannot  normally  be  processed  in  standard  explosives  production 
facilities,  and  are  expected  to  cost  more  than  TNT  explosives. 

The  Navy  has  taken  several  actions  to  emphasize  the  need 
for  less  vulnerable  explosives  and  to  facilitate  their  intro¬ 
duction  into  service  use.  One  action  was  to  issue  an  Operational 
Requirement  (OR)  document  defining  the  need  for  insensitive 
and  high  performance  explosives.  The  second  was  to  establish 
an  Explosives  Advanced  Development  (EAD)  Program  to  address 
the  produclbility  of  and  to  more  fully  characterize  promising 
new  explosives,  including  conducting  large-scale  tests  in 
actual  or  simulated  warheads  to  demonstrate  their  behavior. 

The  purposes  of  these  EAD  Program  efforts  are  to  reduce  the 
cost  of  weapons  using  new  explosives  and  to  minimize  engineer¬ 
ing  development  program  risks  when  they  are  selected  for  weapon 
applications. 


INSENSITIVE  PBX'S 

The  first  family  of  PBX's  that  were  found  to  have  good 
vulnerability  behavior  compared  to  molecular  explosives,  such 
as  TNT,  RDX,  and  mixtures  of  these,  were  explosives  containing 
fuel  and  oxidizer  rich  ingredients  formulated  for  use  as  under¬ 
water  explosives.  Development  of  these  explosives  started 
in  the  late  1950 'a.  They  are  castable  materials  that  cure 
to  rubbery  solids.  The  compositions' of  two  of  these  explosives 
are  shown  on  Table  1.  The  separatevf  yel  •'and  oxygen  rich  ingre¬ 
dients  react  during  the  detonation  jlrbcess  to  achieve  the  desired 
output.  Some  of  the  properties  of  these  underwater  explosives 
are  shown  on  Table  2.  They  appear  sensitive  based  on  the  small- 
scale,  drop-weight  impact  test  (easy  to  ignite),  but  are  insensi¬ 
tive  based  on  the  large-scale  gap  test  (LSGT)  and  have  large 
critical  diameters. 
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Development  of  a  second  family  of  PBX ' s ,  with  good  munition 
vulnerability  properties  and  good  performance  in  fragmentation 
warheads,  started  in  the  mid-1960'a.  An  example  of  this  kind 
of  PBX  is  shown  on  Table  3.  These  PBX's  are  high-solids  content, 
castable  explosives  that  also  cure  to  rubbery  solids.  They 
generally  contain  the  nitramines,  RDX  or  BNX ,  and  sometimes 
aluminum  (At)  powder.  The  PBX  example  shown  contains  a  moderately 
energetic  plasticiser.  Other  PBXcs  in  this  fully  have  been 
formulated  with  all  "inert"  binders  using  commercially  available 
elastomeric  polymers,  including  polyurethanes  and  polyesters. 
Properties  for  the  PBX  shown  on  Table  3  ace  given  in  Table  4. 

These  PBX's  generally  have  mid-range  drop-weighc  impact  test 
heights  (moderately  easy  to  ignite) ,  have  moderate  1JGT  sensi¬ 
tivities,  and  critical  diameters  similar  to  standard  explosives 
with  comparable  chemical  energy. 

One  way  the  behavior  of  the  insensitive  PBX's  deviates 
from  past  explosives  is  that  the  drop-weight  impact  test  results 
do  not  correlate  with  field  handling  hazards.  This  was  also 
found  to  be  the  situation  for  composite  propellants  containing 
ammonium  perchlorate  (AP) .  Such  propellants  could  not  be  detonated 
even  as  large  diameter  charges,  in  spite  of  the  fact  that  they 
had  drop-weight  impact  sensitivities  comparable  to  booster 
explosives.  The  good  vulnerability  behavior  of  the  insensitive 
PBX's  is  apparently  due  to  their  soft,  rubbery  properties, 
to  the  fact  that  their  cured  density  is  close  to  the  theoretical 
maximum  density  (TMD) ,  to  the  way  they  fracture  when  loaded 
above  their  mechanical  limits,  and  to  their  burning  characteristics. 

Explosive  reaction  to  external  shocks  and  mechanical  energy 
sources  is  generally  considered  to  be  caused  by  hot-spots  which 
grow,  producing  gas  pressure  that  can  cause  structural  failure 
of  the  case  and  explosive  charge.  Explosive  breakup  and  other 
phenomena  can  lead  to  more  violent  reactions  that  can  result 
in  deflagration  to  detonation  transition  (DDT) .  It  is  believed 
that  the  rubbery  PBX's  distribute  external  energy  sources  through¬ 
out  a  greater  volume  of  the  explosive  charge  to  reduce  localized 
heating.  If  ignition  should  occur,  the  PDX  burning  characteristics 
and  fracture  mechanics  apparently  help  to  minimize  reaction 
violence. 

The  composite  underwater  explosives  complicate  the  ignition 
and  growth  process  because  of  the  use  of  relatively  insensitive 
ingredients  that  produce  a  lot  of  energy  by  a  diffusion,  mass- 
transport  burning  process  and  because  of  their  large  critical 
diameters.  The  mixture  of  fuel  and  oxidizer  chemicals  increases 
the  potential  for  explosive  reaction  (compared  to  the  individual 
chemicals);  however,  the  relatively  long  time  that  is  needed  to 
allow  for  gas  phase  mixing  and  the  large  critical  diameter  favor 
the  continuation  of  burning  reactions  instead  of  DDT.  This 
burning  can  be  vigorous  if  confined  and  will  produce  pressure 
rupture  explosions,  but  it  is  relatively  slow,  is  much  less 
likely  to  lead  to  detonation /mass  detonation,  and  is  possible 
to  control  by  sprinkler  systems  or  other  damage  control  techniques. 
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EXPLOSIVES  ADVANCED  DEVELOPMENT 


The  •■••■•»ent  of  new  explosives ,  ouch  ■■  the  PBtX'a  described 
above,  is  difficult  when  they  deviate  fron  "nornal*  behavior. 
Weapon  developers  are  reluctant  to  use  new  technology  when 
it  is  not  a  simple  extension  of  existing  technology*  The 
absence  of  historical  data  and  lack  of  experience  increases 
their  reluctance.  Under  these  circuastances,  it  is  inportant 
to  conduct  large-scale  tests  to  provide  proof  of  explosive 
behavior  and  to  deoonstrate  the  ability  to  make  correct  pre¬ 
dictions.  Many  tests  are  soaetiaea  required  to  obtain  reasonable 
estimates  of  mean  values  and  their  statistical  variability, 
especially  if  there  is  a  low  probability  that  the  event  will 
occur . 


The  U.S.  Navy  has  established  an  Explosives  Advanced 
Dvelopaent  (BAD)  Program  to  help  move  promising  new  explosive 
technology  from  the  laboratory  to  use  in  weapons.  The  SAD 
Program  supports  the  work  efforts  shown  on  Table  5.  The  purposes 
of  these  efforts  are  to  reduce  manufacturing  costs  and  to  reduce 
the  risks  associated  with  putting  new  explosives  into  munitions. 
Explosives  are  put  through  a  five-phase  test  and  evaluation 
process,  shown  on  Table  6,  that  takes  about  five  years  to  complete. 

A  compilation  of  test  procedures  is  being  assembled  oy 
the  HAD  Program  to  describe  the  testing  that  is  done.  The 
cest  procedures  will  include  a  description  of  generic  test 
hardware  and  predictive  techniques.  The  purposes  for  selecting 
special  generic  hardware  are  to  use  low-cost  test  units,  to 
have  consistency  from  test,  to  test,  and  to  obtain  credible 
data  on  explosives  behavior  under  realistic  conditions  for 
weapon  applications.  The  generic  test  units  are  either  simple, 
readily  available  items  such  ae  76-mra  and  127-mm  gun  projectiles, 
or  specially  designed  items  as  shown  on  Figures  1  and  2. 

Several  similar  explosives  are  often  put  through  advanced 
development  at  the  same  time  to  compare  them  and  select  the 
best  one.  Methods  have  been  prepared  to  rate  explosives  at 
different  points  during  the  five-phase  development  process. 

This  is  done  using  "ranking  schemes”  and  is  being  done  during 
development  on  explosives  that  are  very  similar,  to  reduce 
the  number  of  explosives  in  advanced  development  and  the  cost 
of  testing.  The  ranking  schemes  are  used  at  the  end  of  certain 
development  test  phases. 

These  ranking  schemes  are  a  collection  of  explosives 
properties  (attributes)  that  are  given  point  values  based  on 
how  important  the  property  is  felt  to  be.  The  explosive  being 
evaluated  is  siven  a  rating  for  each  property.  Final  scores 
are  sums  of  the  individual  property  ratings  times  the  point 
value  for  that  property.  A  ranking  scheme  used  to  evaluate 
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hazards  and  vulnerability  ia  shown  on  Table  7.  The  PBX  that 
reoeivea  the  highest  score  is  considered  to  be  the  safest'  or 
least  vulnerable.  The  ratings  determined  for  explosives  evalu¬ 
ated  using  the  safety  ranking  scheme  are  determined  either 
on  the  basis  of  the  violence  of  test  results  (no  reaction  up 
to  a  detonation) ,  or  on  the  basis  of  relative  performance 
compared  to  some  standard  (for  example,  L8GT  sensitivity  compared 
tc  comp  B).  The  ranking  schemes  are  intended  to  be  fairly 
general,  but  are  somewhat  configured  for  classes  of  explosives, 
for  example  castable  main-charge  PBX's. 


EXPLOSIVES  VULNERABILITY  TESTING 

Some  of  the  energy  sources  that  can  affect  explosive 
hazards  and  vulnerability  behavior  of  munitions  are  shown  on 
Figure  3.  Predicting  hazards  and  vulnerability  behavior  is 
difficult.  There  are  many  conditions  that  can  start  a  low 
level  reaction,  or  ignition  in  an  explosive;  however,  in  many 
situations  it  is  not  possible  to  predict  at  what  level  this 
will  occur.  Once  a  substantial  ignition  of  the  explosive  does 
occur,  the  problem  of  predicting  the  behavior  of  the  munition 
is  complicated  by  uncertainties  concerning  t  he  growth  process 
and  violence  of  the  final  event.  The  two  important  questions 
are » 


•  What  is  the  probability  that  an  external  stimulus  will 
cause  a  persistent  explosive  reaction? 

•  What  are  the  statistics  of  the  response,  that  is,  the 
level  f'f  the  reaction  and  its  variability? 

An  analysis  of  transportation  accidents  in  the  U.S.  concluded 
that  fire  was  the  cause  of  explosive  reaction  in  most,  if  not 
all,  cases.  Mechanical  and  hydrodynamic  shocks  also  can  be 
the  cause  of  unintentional  explosive  reaction,  in  the  handling 
of  munitions,  during  combat,  or  as  a  result  of  violent  explosive 
reaction  of  other  munitions  (sympathetic  reaction). 

The  uncertainties  associated  with  prediction  of  both 
munition  performance  and  vulnerability  behavior  has  placed 
emphasis  on  large-scale  testing  for  assessing  these  kinds  of 
behavior.  Even  for  situations  where  adequate  predictions  can 
be  made,  large-scale  testing  is  often  done  tc  confirm  the 
predictions  and  to  demonstrate  explosive  behavior.  “Safety" 
tests,  hazards  tests,  and  vulnerability  tests  are  included 
in  roost  weapon  developroant  programs.  Four  testa  that  are 
required  for  many  U.S.  Navy  weapons  are  the  12-meter  (40-foot) 
drop,  a  fuel  fire  fast  cook-off,  a  slow  cook-off  (3.3°C  per 
hour  to  reaction),  and  a  20-mm  bullet  impact.  Special  tests 
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also  are  conducted  on  wessons ,  depending  on  tha  weapon ’ a  charac¬ 
teristic*  mid  tha  environment*  (inclosing  extreme  environments) 
that  tha  ordnance  package  id  expected  to  nee  between  the  time 
it  in  loaded  and  the  tine  it  is  used. 

Typical  results  of  the  reaction  of  warheads  to  the  Navy's 
WB-50  tasts  are  shown  on  fable  8.  Tha  "pre-1970*  results  are 
representative  of  the  behavior  of  conventional  fWT-baa»ed  and 
pressed  explosives.  Slow  cook-off  (heating  at  3.3®C/hr  until 
explosive  reaction)  produces  tha  most  violent  reaction.  Very 
seldom  does  the  12-aeter  (40-foot.)  drop  produce  any  reaction , 
and  if  it  does  the  warhead  is  redesigned  to  eliminate  the  cause. 
A  compilation  of  WR-50  teat  results  for  PBXN-103  loaded  into 
a  number  of  different  hardware  teat  items  containing  from  45 
to  550  Kg  of  explosive  is  shown  on  Table  9.  Even  though  PBXN- 
103  is  a  very  energetic  explosive f  it  has  good  vulnerability 
characteristics . 

A  comparison  of  vulnerability  teats  conducted  on  a  non- 
aluminised  PBX  (Table  3)  loaded  into  generic  76- mm  and  127- 
mm  projectile  test  units  with  a  standard  projectile  explosive. 
Composition  A-3,  is  shown  on  Table  IQ.  The  PBX  explosive  pro¬ 
duces  less  violent  reactions  in  most  of  the  tests,  although 
the  explosive  will  start  to  react  at  similar  input  levelB. 

The  time  to  ignition  in  the  fast  cook-off  test  is  about  the 
same  for  the  PBX  and  Composition  A-i,  but  the  PBX  only  burns 
leaving  the  projectile  Intact.  The  Composition  A-3  produces 
a  partial  detonation  with  air  blast  overpressures  equivalent 
to  a  detonation  of  about  one-half  the  explosive. 

A  sympathetic  detonation  test  set-up  is  shown  on  Figure  4. 
The  center,  or  donor  projectile,  is  detonated.  The  distance 
between  the  two  projectiles  on  either  side,  the  acceptor  pro¬ 
jectiles,  and  the  donor  are  varied  to  find  the  50-percent 
probability  standoff  distance  for  sympathetic  detonation. 

The  PBX  did  not  sympathetically  detonate  in  either  the  76-mm 
or  the  127-mm  configurations  even  when  the  acceptor  projectiles 
were  placed  in  contact  with  the  donor.  Figure  5  shows  the 
acceptor  projectile  fragments  for  a  127 -mm  sympathetic  detona¬ 
tion  test  at  zero  standoff.  The  50-percent  standoff  distance 
for  Composition  A-3  was  18  to  25  cm. 

The  setback  shock  test  is  a  drop  test  that  subjects  the 
explosive  to  a  pressure  pulse  similar  to  the  set-back  pulse 
seen  during  gun  firing.  The  setback  shock  test  can  be  con¬ 
ducted  at  different  pressure  levels,  up  to  six  to  eight  times 
the  pressure  experienced  during  gun  launch.  The  PBX  and 
Composition  A-3  start  to  react  at  similar  pressure  levels j 
however,  the  PBX  produces  very  mild  reactions  while  Composition 
A-3  produces  violent  explosions 
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The  safety  and  vulnerability  attributes  listed  on  Table 
7  have  been  determined  for  new ,  insensitive,  aluainised  PBX's. 

Results  of  vulnerability  tests  for  one  are  shown  on  Table  ii. 

The  fast  cook-off  test  result  for  PBX  loaded  into  the  Heavy 
Wall  Penstrator  (HWP)  generic  test  unit  is  shown  on  Figure 
C.  Pressure  from  the  burning  explosive  caused  a  loading  port 
rupture.  The  explosive  proceeded  to  burn  mildly  until  it  was 
all  consumed.  Composition  B  detonated  under  the  saae  test 
conditions . 

Figure  7  shows  a  Naturally  Fragmenting  CNF)  generic  test 
unit  with  added  end  confinement  that  was  loaded  with  a  PBX, 
after  a  multiple  bullet  impact  test  (five  20-mm  rounds  at  1120 
m/sec  and  50  maec  intervals).  The  case  split  open  in  the  back, 
but  the  explosive  only  burned.  The  Composition  B  reaction  was 
just  a  little  more  violent  under  the  same  conditions,  producing 
a  deflagration.  Under  the  heavier  confinement  of  a  127-mm 
projectile.  Composition  B  detonated  while  the  PBX  still  pro¬ 
duced  only  a  burning  reaction.  The  same  test  conducted  on 
the  PBX  in  a  generic  bomb  case  caused  mild  explosive  burning, 
as  shown  in  Figure  8  (bullet  exit  side).  H-6  produced  an 
explosion  reaction  in  this  configuration.  Figure  9. 

Some  of  the  tests  discussed  above  are  new,  so  there  is 
not  much  of  a  data  base  on  results  for  a  variety  of  explosives. 
However,  the  test  results  so  far  indicate  that  in  some  situations 
it  takes  nore  input  energy  to  cause  an  explosive  reaction  for 
insensitive  PBX's,  compared  to  conventional  TNT-based  or  pressed 
explosives.  The  PBX's  also  often  appear  to  react  less  violently 
when  explosive  reactions  are  started  under  test  hardware  confinement. 


CONCLUSIONS 

Two  new  families  of  rubbery  PBX's  developed  by  the  U.S. 

Navy  are  high-performance  explosives  with  good  vulnerability 
characteristics,  work  is  being  done  to  define  better  methods 
for  predicting  ordnance  performance  and  vulnerability,  but 
this  still  cannot  be  done  for  many  conditions.  It  is  necessary 
to  do  large-scale  hardware  tests  to  obtain  data  and  to  demonstrate 
that  predictions  are  valid. 

The  long  time  and  high  costs  associated  with  large-scale 
testing  has  caused  the  Navy  to  undertake  a  new  Explosives 
Advanced  Development  Program.  Work  is  being  done  under  this 
program  on  pilot  plant  scale-up  and  large-scale  vulnerability 
and  performance  testing  of  new  explosives. 

Recent  large-scale  testing  of  several  new  rubbery  PBX's 
show  that  they  have  bettor  vulnerability  behavior  than  counter¬ 
part,  conventional  TNT-based  or  pressed  explosives.  The  improved 
vulnerability  behavior  of  these  new  PBX's  is  thought  to  be  due 
primarily  to  their  rubbery  physical  properties. 
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*DTA  ONSET  OF  FIRST  LARGE'  EXOTHERM  OR  ENDOTHERM  \10*C/MIN.,  2C  KM 
•46RDX/30TNT/20AU15WAX 


TAALE4.  PROPERTIES  Of  A  RUB8ERV-N 


BS 
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TEST  (VIOLENT  REACTION  VEL.,  2S  KPA  AT  ME 


TABLE  6.  SAD  PROGRAM  WORK  EFFORTS 


•  IMPROVE  EXPLOSIVES  PROOUCIBILITV  AND  CONDUCT  PILOT  PLANT  SCALE-UP. 

•  BETTER  CHARACTERIZE  EXPLOSIVES  AND  CONDUCT  LARGE-SCALE  TESTS. 

•  DEVELOP  PREDICTIVE  METHOOS  TO  IMPROVE  WARHEAD  DESIGN  AND  USE. 

•  PROVIDE  A  PRINTED  DOCUMENT  AND  A  COMPUTERIZED  STORAGE-RETRIEVAL 
DATA  BASE  ON  EXPLOSIVES  PROPERTIES. 

•  COORDINATE  EXPLOSIVES  DEVELOPMENT  WITH  WEAPON  DEVELOPERS, 

SPONSORS.  PRODUCTION  GROUPS,  AND  OTHERS  DOING  EXPLOSIVES  DEVELOPMENT. 


TABLE  7.  SAFETY  RANKING  SCHEME 


WEIGHTING 

PBX  EXAMPLE 

ATTRIBUTES 

FACTOR  * 

RATING  •* 

SCORE 

COOK-OFF 

FAST  COOK-OFF 

20 

10 

200 

SLOW  COOK-OFF 

16 

4 

SO 

SUBTOTAL 

SB 

200 

VULNERABILITY 

SYMPATHETIC  DETONATION 

8 

10 

SO 

MULTIPLE  BULLET 

S 

3 

24 

SINGLE  FRAGMENT 

R 

3 

16 

MULTIPLE  FRAGMENT 

8 

7 

SB 

SHAPED  CHARGE 

5 

1 

8 

SUBTOTAL 

34 

180 

SENSITIVITY 

LARGE-SCALE  GAP 

3 

2 

6 

SUSAN 

8 

10 

80 

WEDGE 

2 

S 

10 

CRITICAL  DIAMETER 

2 

7 

14 

AQUARIUM 

3 

8 

24 

FRICTION 

1 

10 

10 

DROP-WEIGHT 

1 

5 

6 

SUBTOTAL 

20 

148 

PROPERTIES 

ISOTHERMAL  COOK-OFF 

6 

2 

10 

GROWTH  Si  EXUDATION 

3 

0 

27 

GLASS  TRANSITION 

2 

10 

20 

DENSITY  VARIATION 

_1_ 

10 

10 

SUBTOATL 

11 

87 

TOTAL 

100 

SB 

•TOTAL  OF  100  POINTS 

••  RANGE  FROM  0  TO  10.  VALUE  IS  OOTAINEO  FROM  EQUATIONS  THAT  EVALUATE 
VIOLENCE  OF  REACTION  FOR  COOK-OFF  AND  VULNERABILITY  (EXCEPT 
SYMPATHETIC  DETONATION)  AND  RELATIVE  PERFORMANCE  COMPARED  TO 
OTHER  STANDARD  EXPLOSIVES  FOR  SYMPATHETIC  DETONATION,  SENSITIVITY 
AND  PROPERTIES. 
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TABLE  t.  PRE-1970  WR-80  TEST  RESULTS 


TYPE  REACTION 

SLOW 

COOKOFF 

FAST 

COOKOFF 

BULLET 

IMPACT 

124MTER 

DROP 

NO  ACTION 

0 

0 

90 

229 

9 

48 

79 

4 

VIOLENT  BURNING 

2 

7 

15 

0 

EXPLOSION 

4 

3 

3 

2 

L.O.  DETONATION 

2 

7 

35 

0 

H.O.  DETONATION 

« 

6 

3 

0 

TOTAL 

25 

70 

225 

236 

%  VIOLENT 

REACTION 

04 

31 

25 

1 

TABLE*.  SUMMARY  OF  PBXN-103  WR SO  TEST  RESULTS* 

TYPE  SLOW  FAST  BULLET  12-METER 

REACTION  COOK-OFF  COOK-OFF  IMPACT  DROP** 

NO  ACTION  0  0  1  32 

BURNING  6  IS  8  0 

DEFLAGRATION  3  6  4  0 

EXPLOSION  3  10  7  0 

DETONATION  6  0  0  0 

TOTAL  17  31  20  32 

%  VIOLENT 

REACTION  S3  32  3B  0 


°  46  KG  to  660  KG  EXPLOSIVE  CHARGES  IN  ALUMINUM  AND  STEEL  CASES. 
••  INCLUDES  DROPS  ONTO  STUDS.  AND  MULTIPLE  DROPS  ONTO  STUDS. 


FIGURE  3.  HAZARD-VULNERABILITY  BEHAVIOR 
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FIGURE  4.  SYMPATHETIC  DETONATION  TEST  SET-UP 


FIGURE  5.  SYMPATHETIC  DETONATION  PBX  RESULTS  (NO  SEPARATION  PROM 
DONOR) 


FIGURE  7.  MULTIPLE  BULLET  IMPACT  TEST  RESULT 
(NF  UNIT) 


FIGURE  8.  MULTIPLE  BULLET  IMPACT  TEST  RESULT  FOR 
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"PREPARATION  AND  PURIFICATION  OF  KILOGRAM  QUANTITIES 
OF  SIX  AND  TAX;  HMX  AND  RDX  INTERMEDIATES" 

Clifford  D.  Bedford  and  Maria  A.  Geigal 
SRI  Intarnatlonal 
Manlo  Park,  CA  94025 

and 

D.  H.  Rosenblatt 

U.S.  Army  Medical  Research  and  Development  Command 
Fort  Detrick,  Frederick,  MD  21701 

y6sTRACT 

A  continuous  process  for  the  safe  and  effective  preparation  and 
Durification  of  l-acetyl-3,5-dinitro--l,3,5-hexahydrotriazine  (TAX) 
in  kilogram  quantities  was  developed.  The  major  advantage  of  the 
process  over  other  methodology  is  the  control  of  a  vigorous  (and  often 
explosive)  reaction  exotherm  and  the  reduction  of  reaction  volumes 
during  the  critical  initial  stages  of  the  reaction.  Preparative  high 
pressure  liquid  chromatography  (HPLC)  yielded  analytically  pure  TAX 
for  environmental  testing. ^ 

l-Aeetyl-3,5,7-trihitro-rj'Q,5,7-octahydrotetrazocine  (SEX)  is  prepared 
by  nitrolysis  of  l,5-diacetyl-3,7-^(initro-l,3,5,7-octahydrotetrazocine 
(DADN)  with  302  oleum/1002  nitric  acid  in  a  batch  process.  The  crude 
SEX  is  contaminated  with  22  to  52  l,3,5,7-tetranitro-l,3,5,7-octahydro- 
tetrazoclne  (HMX)  and  152  to  202  DADN.  This  composition  is  achieved 
with  10-  to  1500-gram  batch  reactions.  Purification  by  hot-column 
chromatography  (to  remove  DADN)  followed  by  recrystallization  from  acetone 
yields  982  SEX. 


INTRODUCTION 


The  U.S.  Army  Medical  Research  and  Development  Command  is  interested 
in  determining  the  potential  environmental  and  health  hazards  of  wastewaters 


containing  SEX  and  TAX.  SEX  and  TAX  are  unavoidable  coproducts  formed 
during  the  manufacture  of  RDX/HMX  by  the  modified  Bachmann  process.1 
With  a  total  yearly  production  of  16  million  pounds  of  RDX  and  2  million 
pounds  of  HMX,  more  than  1000  pounds  of  SEX  and  3600  pounds  of  TAX  per 
day  could  be  generated  and  discharged.  The  wastewaters  from  the 
manufacture  of  RDX/HMX  axe  subject  to  environmental  discharge  limitations 
established  by  regulatory  agencies.  Evaluation  of  the  potential  hazards 
of  these  wastewaters  to  the  environment  is  a  necessary  portion  of  the 
data  base  needed  to  estimate  environmental  hazards.  Because  the  wastewaters 
will  contain  large  amounts  of  both  SEX  and  TAX,  it  is  important  to 
obtain  sufficient  quantities  of  pure  SEX  and  TAX  for  a  complete 
toxicological  investigation. 

Since  SEX  and  TAX  were  of  no  value  as  explosives,  little  effort 
has  been  expended  on  their  deliberate  synthesis.  Therefore,  we 
investigated  the  feasibility  of  preparing  kilogram  quantities  of  SEX 
and  TAX  in  the  purity  (>98%)  necessary  for  these  studies.  Our 
specific  objectives  were: 

1.  Investigate  the  most  promising  methods  reported  for  the 
preparation  of  SEX  and  TAX  and  verify  successful  synthesis  on 
a  50-gram  batch  scale. 

2.  Investigate  both  known  and  alternative  purification  methods 
for  SEX  and  TAX  to  determine  which  is  the  most  effective. 

3.  Determine  the  most  efficient  methodology  for  the  analysis 
of  both  SEX  and  TAX. 

4.  Further  characterize  SEX  and  TAX  by  determining  their 
shock-sensitivity  to  permit  their  classification  for 
shipping,  handling,  and  storing. 

5.  Prepare  and  purify  3.0  kilograms  of  TAX  based  on  feasibility 
studies. 

6.  Prepare  and  purify  2.0  kilograms  of  SEX  based  on  feasibility 
studies. 

Our  efforts  to  prepare  and  characterize  TAX  and  SEX  are  described 
in  the  following  sections,  as  is  the  scale-up  preparation  and  purifica¬ 
tion  of  an  analytically  pure  3.0  kilogram  quantity  of  TAX  and  2.0  kilogram 

quantity  of  SEX,  The  preparation  and  purification  of  TAX  and  SEX  is  also 

2  3  4 

described  in  more  detail  elsewhere.  ’  ’ 
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RESULTS  AND  DISCUSSION 


Preparation  of  TAX 

The  total  synthesis  and  purification  of  TAX,  prepared  according 
to  the  method  described  by  Gilbert,  et  al,9  is  shown  in  Schema  I. 
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Scheme  I 

Synthesis  and  Purification  of  TAX 
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TRAT  was  prepared  as  previously  described.4  the  TRAT  obtained  by 
evaporation  of  acetic  acid/water  as  a  white  crystalline  solid  (melting 
point  49°-540C)  contained  approximately  20%  to  303  water  (as  determined 
by  Karl-Fisher  and  NMR  analysis).  The  water  must  be  removed  before 
the  TRAT  is  mixed  with  the  TFAA.  Two  methods  were  developed  for  removing 
residual  water:  (l)  drying  TRAT  in  vacuum  ovena  over  phosphorous  pentoxlde 
and  (2)  azeotroplng  the  water  with  methylene  chloride.  The  methylene 
chloride  azeotroplng  method  was  more  effective  because  larger  quantities 
of  wet  TRAT  could  be  dried.  Both  methods  yielded  TRAT  containing  less  than 
0.2%  water  (as  determined  by  Karl-Fiwher  analysis).  The  residual 
water  was  consumed  when  TRAT  was  mixed  with  TFAA  before,  the  T* 
production  runs  were  performed.  Dried  TRAT,  obtained  by  either  method, 
has  a  melting  point  of  91°~94°C,  identical  to  that  previously  reported.  * 

On  a  laboratory  scale,  the  preparation  of  TAX  by  the  procedure 
shown  in  Scheme  I  consistently  yielded  60%  to  70%  crude  TAX,  contaminated 
with  RDX.  The  experimental  methods  developed  required  that  the  reaction 
mixture  be  cooled  during  admixture  of  reagents.  Subsequently.  *fter 
a  brief  induction  period  and  without  external  cooling,  an  internal 
temperature  of  60°c  accompanied  by  an  uncontrolled  refluxing  of  TFAA 
was  observed  when  using  small  quantities  of  TRAT.  On  scale-up  effective 
cooling  of  the  reaction  mixture  in  conventional  batch  equipment  was 
difficult  because  of  the  change  in  the  ratio  of  the  volume  of  material 
to  the  effective  surface  area  used  for  cooling.  Furthermore,  two 
unexplained  detonations  during  the  initial  laboratory  experiments  precluded 
scale-up  with  conventional  batch  equipment  because  of  the  Increased 
hazards  involved. 

These  problems  were  solved  by  using  a  continuous  plug-flow  method  to 
prepare  TAX.  The  major  advantage  of  the  method  is  the  ease  of  controlling  the 
exothermic  reaction.  Furthermore,  the  initial  mixing  chamber  contains 
only  a  small  amount  of  material  at  any  one  time,  increasing  the  safety 
of  the  reaction. 
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A  schematic  of  the  reactor  for  the  TAX  synthesis  is  shown  In 
Figure  1.  Approximately  8.3  kg  of  THAT  was  fed  into  the  veactor  during 
a  three-day  period.  Approximately  4.0  kg  of  a  dry  TAX/RDX  mixture  was 
recovered,  which  according  to  the  NMR  analysis  consisted  of  75X  TAX  and 
25X  RDX.  The  following  optimum  conditions  were  established  daring  this 
three-day  TAX  production  run. 

•  A  single  peristaltic  pump  cycled  cold  acetone  (10°  to  20I>F) 
at  a  rate  of  l.S  L/min  through  the  mixer  and  separator, 
coupled  in  series. 

•  Feed  lines  and  cooler  lines  were  insulated  to  minimize  heat 
losses . 

•  TAAT  feed  batches  were  prepared  by  dissolving  576  grams  of 
anhydrous  TRAT  in  2  L  of  TFAA. 

•  TRAT/TFAA  feed  rates  averaged  60.2  g/atin. 

»  Nitric  acid  (100X)  feed  rates  averaged  18.0  g/mln. 

•  The  above  feed  rates  resulted  in  a  residence  reaction  time  of  15 
to  18  minutes. 

•  The  pumps  installed  below  both  separator  end  mixer  were 
operated  remotely,  keeping  the  liquid  level  in  both  chambers  at 
a  volume  of  300  to  500  mL. 

•  During  the  course  of  the  reaction,  four  temperatures  were 

monitored:  (1)  the  mixer  temperature  was  held  at  66°  to  70°F 

with  a  cooling  bath  temperature  of  20°p  and  with  the  feed  rates 
previously  established.  (2)  The  separator  temperature  remained 
between  55°  and  65°F  under  these  reaction  conditions.  (3)  A  coil 
bach  temperature  of  65°  to  70eF  was  required  to  reduce  effluent 
reaction  temperatures,  which  during  early  runs  rose  to  125°F. 
Under  the  above  conditions  the  effluent  temperature  remained 
between  75°  and  85 °F. 


The  TAX  prepared  above  was  purified  by  preparative  HPLC,  using 
dual  normal-phase  prepacked  silica  gel  columns  and  a  nitromethane 
eluent.  Because  of  the  limited  solubility  of  TAX  and  RDX  (approximately 
10  g/100  mL)  in  the  solvent,  the  injection  volume  must  be  maximized  to 
ensure  a  reasonable  time  frame  for  purification.  A  sample  loop  with  a 
maximum  volume  of  300  mL  was  constructed  (Figure  2)  and  attached  directly 
to  the  columns,  bypass!:  ->  the  injector.  Evaporation  of  the  riitromethane 
solution  yielded  2.6  kg  of  light  yellow  TAX.  The  color  was  due  to 
residual  impurities  in  the  nitromethane.  Recrystaliization  from  a 
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FIGURE  2  PURIFICATION  OF  TAX  BY  PREPARATIVE-SCALE  HFLC 


contaminant* ,  made  thia  routa,  shown  in  equation  (1),  inadequate  for 
large-scale  preparation. 

minimal  amount  of  fresh  nitroaethane  yielded  2.3  kg  of  99, 9X  TAX  as  a 
white  crystalline  powder.  No  impurities  could  be  detected  using  either 
normal-phase  or  reverse-phase  analytical  HPLC.  The  process,  described 
above,  represents  an  economic,  solution  to  the  preparation  and  purifica¬ 
tion  of  multigram  quantities  of  TAX. 

Preparation  of  SEX 

SEX  was  prepared  according  to  the  methods  of  Gilbert  ct  al.r  end 
Coon*  as  shown  in  equations  (1)  through  (3). 


Ac 

Ac 

| 

1 

rNn 

■N  N-Ac 

L-n-J 

HNOa  (100X) 

rH 

OjN-N  N' 

L-  jj  — J 

Aca0 

i 

Ac 

1 

N0a 

TAT 

SEX 

Ac 

I 

N  — | 

OjN-N  N-NOa 
t— N  —i 
I 

Ac 

DADN 


UNO 3  (100X) 
(CFaCO)aO 


DADN 


UNO,  (1007.) 
30Z  oleum 


SEX  (2) 


SEX  (3) 


Treatment  of  2.0  grams  (7  mmole)  of  TAT  with  100X  nitric  acid/acetic 
anhydride  mixture  yielded  93X  and  40X  of  crude  SEX  in  separate  experiments. 
Based  on  proton  NMR  and  TLC  analysis,  the  crude  SEX  was  a  mixture  of  DADN, 

SEX,  and  HfIX  in  a  ratio  of  approximately  0.5: 1:1.  The  variable  yield, 
coupled  with  difficult  methods  for  preparing  TAT  and  separating  the  SEX  from 
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SEX  was  Chen  prepared  from  DADN  ae  shown  in  equation  (2). 
treatment  of  up  Co  40  grams  (0.2  mole)  of  DADN  with  100%  nitric 
acid/trlfluoroacetlc  anhydride  mixtures  consistently  yielded  60%  to  73% 
crude  SEX.  The  reaction  between  DADN  and  the  nitrolyzlng  medium,  100% 
HN0S/TFAA,  was  modified  slightly  from  that  followed  in  the  preparation 
of  TAX.  The  DADN  was  insoluble  in  TFAA  and  had  to  be  dissolved  in  the 
nitric  acid  before  mixing.  Furthermore,  when  the  DADN  and  the  nitrolyzlng 
medium  were  allowed  to  stand  at  room  temperature  for  prolonged  periods, 
no  exotherm  was  observed,  such  as  occurred  during  the  preparation  of 
TAX. 

The  synthesis,  although  successful,  had  two  serious  drawbacks: 

(1)  the  amount  of  TFAA  used  in  the  reaction  procedure  represented  a 
substantial  cost,  making  the  preparation  of  kilogram  quantities  of  SEX 
prohibitively  expensive,  and  (2)  the  crude  SEX  was  contaminated  with 
both  HMX  and  DADN  in  amounts  greater  than  50%,  which  could  not  be 
readily  removed  by  physical  separation  methods,  such  as  column 
chromatography,  recrystallization,  or  extraction. 

Recently,  Coon*  demonstrated  that  nitrolysio  of  DADN  with  100% 
nitric  acid/ 30%  oleum  yielded  a  DADN/SEX/HMX  mixture  consisting  of  less 
than  3%  HMX  as  shown  in  equation  (3).  Treatment  of  up  to  1500  grams 
(2.5  moles)  of  DADN  with  100%  nitric  acid/30%  oleum  mixtures  consistently 
yielded  DADN/SEX/HMX  mixtures  containing  up  to  85%  SEX.  In  a  typical  reaction 
50  grams  (0.25  mole)  of  DADN  was  treated  with  750  mL  of  100%  nitric  acid 
and  165  mL  of  30%  oleum.  After  the  mixture  was  stirred  for  18  hours  at 
room  temperature,  quenched  over  ice,  filtered  and  dried,  24.4  grams 
(50%  yield)  of  crude  SEX  was  obtained.  The  crude  material  consisted 
of  3.4%  HMX/ 75%  SEX/21.5%  DADN  (as  determined  by  analytical  HPLC),  which 
is  equal  to  a  36.5%  overall  yield  of  SEX.  This  preparation  method  is 
superior  to  those  methods  previously  investigated  because  (1)  the  costly 
TFAA  employed  in  equation  (2)  is  replaced  by  the  more  economic  and 
accessible  30%  oleum';  (2)  the  re  -.tion  can  be  run  at  a  lower  temperature, 
avoiding  hazardous  reaction  conditions;  and  (3)  the  crude  SEX  obtained 
is  contaminated  with  smaller  quantities  of  DADN  and  HMX,  making  subsequent 
purification  easier. 
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A  schematic  of  the  reactor  for  the  SBX  synthesis  Is  shown  In 
Figure  3.  Approximately  17.0  kilograms  of  DADN  was  nitrolyslsed  in 
1.0  to  l.S  kilogram  batch  reactions,  yielding  6.0  kilograms  of  a  crude, 
dry  DADN/SEX/HMX  mixture,  which  according  to  HPLC  analysis  consisted 
of  18.0%  DADN,  78. 5%  SEX  and  3.5%  HMX.  The  following  optimum  conditions 
were  established  during  these  production  runs: 

•  A  single  peristaltic  pump  cycled  cold  ethylene  glycol  (-15°  to 
-5°C)  at  a  rate  of  1.5  L/min  through  the  mixer  flask. 

•  Cooler  lines  were  insulated  to  minimise  heat  losses. 

•  DADN  feed  batches  were  prepared  by  dissolving  1.5  kg  of 
DADN  in  9.0  L  of  100%  nitric  acid. 

•  DADN  dissolved  in  100%  nitric  acid  and  the  30%  oleum 
reservoirs  were  cooled  in  ice  baths  prior  to  mixing. 

•  DADN/ 100%  nitric  acid  feed  rates  averaged  100  mL/min. 

•  30%  oleum  feed  rates  averaged  30  mL/min. 

•  The  ingredients  in  the  mixer  were  gravity  fed  into  the 
reaction  flask  at  such  a  rate  as  to  maintain  the  liquid 
level  in  the  mixing  chamber  at  300  to  500  mL. 

•  The  reaction  vessel  was  maintained  at  24°  to  26°C  (room 
temperature)  for  approximately  24  hours.  This  was 
accomplished  by  mechanical  agitation  and  a  room  temperature 
water  bath  heat  exchanger. 

•  The  crude  reaction  mixture  was  poured  onto  60  L  of  Ice, 
the  precipitate  was  filtered  and  washed  several  times  with 
ice-water,  consistently  yielding  75%  to  85%  crude  SEX 
mixtures. 

The  crude  SEX  obtained  by  the  method  described  above  contained  a 
maximum  of  25%  contamination  of  DADN  and  HMX,  in  variable  amounts. 

Solubility,  crystallization,  extraction,  complexation,  and  chromatography 
were  explored  as  potential  purification  methods.  This  effort  culminated 
in  the  development  of  two  effective  purification  procedures.  The  first 
requli  'd  two  successive  chromatographic  separations.  The  first, 
hot-column  chromatography  of  the  DADN/SEX/HMX  mixture,  removed  all  traces 
of  DADN.  The  second,  chromatography  by  preparative  HPLC,  separates  SEX 
and  HMX,  yielding  99+%  purity  SEX.  However,  because  of  the  low  solubility  of 
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FIGURE  3  PROPOSED  SETUP  FOR  SCALE-UP  OF  SEX  SYNTHESIS 


SEX/HMX  mixtures  In  nitroaethaas  (approximataly  3  g/100  *l  of  aluant) , 
purification  by  praparativa  KPLC  would  raquire  prohibitivaly  long  labor 
times.  The  second  method  alao  requirad  hot-column  chromatography 
separation  of  the  DADN  reaulting  in  951  SEX.  Thi#  material  can  be 
further  purified  to  greater  chan  98+X  SEX  by  recryatalliaation  from 
acetone.  Although  substantial  amounts  of  SEX  remain  lu  the  acetone 
recryatalliaation  solvent  system  (approximately  501  recovery  of  98+1  SEX 
by  this  method),  this  effort  has  resulted  in  an  affective  and  economic 
purification  procedure,  yielding  SEX  of  adequate  purity  for  subsequent 
toxicological  testing. 

Solubility:  We  determined  that  the  major  problem  in  the 
DADN/ SEX/HMX  product  mixture  was  solubility.  The  relative  solubility 
of  the  three  components  is  DADN<SEX<HMX.  Therefore,  we  examined  the 
solubility  of  DADN  under  e  variety  of  conditions  and  solvents,  since  it 
is  the  most  insoluble  component  of  the  mixture,  and  its  removal  would 
substantially  increase  the  solubility  of  the  remaining  two  components. 

The  solvents  used  In  these  experiments  are  listed  below.  In  10  mL  of 
each  solvent  was  placed  0.5  g  of  DADN,  and  the  mixtures  were  stirred  at 
ambient  temperature  for  8  hours.  Since  DADN  did  not  dissolve  in  any  of 
the  solvents,  the  mixtures  were  heated  to  50-55°C  and  stirred  for  an 
additional  6  hours.  Since  the  DADN  still  did  not  dissolve,  an  additional 
10  ml  of  solvent  was  added  to  each  teat  tube,  and  stirring  was  continued 
at  room  temperoture  for  8  hours.  Finally  each  test  tube  was  heated  again 
to  50-60°C  and  stirred  for  an  additional  6  hours.  DADN  was  found  to  be 
soluble  in  20  ml  of  dimethyl  sulfoxide  (DMS0)  at  room  temperature.  Because 
of  the  poor  solubility  of  DADN,  we  decided  to  run  the  nitration  reactions 
V£‘  (DADN-*5EX)  for  longer  periods,  to  ensure  minimum  DADN  contamination 
of  the  final  product  mixture.  We  found  that  a  smaller  amount  of  DADN 
in  the  mixture  increased  the  overall  solubility  of  the  mixture.  In  turn, 
the  increased  solubility  made  it  easier  to  apply  the  mixture  onto  a 
gravity-fed  chromatographic  column,  thus  enhancing  the  possibility  of 
obtaining  purified  SEX. 
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SOLVENTS  USED  FOR  SOLUBILITY  TESTS  ON  DADN 


Acetic  acid 

Methanol 

Acetic  anhydride 

1  -Me  thyl- 2-pyrrol idinone 

Acetone 

2-Methoxy ethyl  ether 

Acetonitrile 

Methyl  ethyl  ketone 

Aninoethenol 

Nitrobensena 

4-Butyrolactone 

Nitrone thane 

Cyclohexanone 

2 , 4-  Pentanedione 

Die thy lane  glycol 

Pyridine 

Dimethyl  formamid* 

Sulfolane 

Dimethyl  sulfoxide 

Triethyl  amine 

Ethyl  acetate 

Triethylene  glycol 

Formaulde 

Water 

Extraction;  The  low  solubility  of  the  crude  SEX  Indicated  that 
purification  might  be  achieved  by  soxhlet  extraction.  Extraction  with 
a  variety  of  solvents  on  crude  DADN/SEX/HMX  mixtures,  listed  in  Tabic  1, 
showed  that  minor  improvements  could  be  made  in  the  purity  of  SEX.  On 
the  basis  of  the  results  shown  in  Table  1,  ethyl  acetate  was  selected 
as  the  solvent  for  partial  purification  of  SEX.  It  was  evident  from 
runs  3,  8,  9,  and  10  that  HMX  and  SEX  can  be  partially  removed  from  the 
crude  reaction  mixture. 

Ethyl  acetate  extraction  of  a  mixture  containing  predominately 
DADN  and  SEX  (run  10,  Table  2)  indicates  that  the  purity  of  SEX  can  be 
increased  by  approximately  3G%.  Two  major  drawbacks  still  exist: 

(1)  the  SEX  is  still  contaminated  by  approximately  20%  to  25X  DADN,  and 

(2)  the  recovery  of  SEX  is  very  low,  approximately  20%  to  40%.  Although 
the  remaining  DADN/SEX  mixture  can  be  re  vcled,  this  possibility  is 
somewhat  tenuous  because  HMX  may  form  from  the  remaining  unextracted  SEX. 
Ethyl  acetate  will  preferentially  extract  HMX  from  a  DADN/SEX/HMX  mixture, 
thus  introducing  this  undeslred  contaminant.  These  results  indicate  that 
the  highest  purity  SEX  to  be  obtained  by  extraction  is  approximately 

80%. 
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SOXHLET  EXTRACTION  OF  CRUDE  DADN/SEX/HMX  MIXTURES 
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Ic  is  postulated  that  cocrystallization  of  DADN,  SEX,  and  HMX  pro¬ 
duces  further  purification  of  SEX  by  extraction  with  ethyl  acetate. 
Furthermore,  the  cocryatallisatlon  of  these  three  components  precludes 
the  use  of  centrifugation  as  a  method  of  separation. 

Conplaxation;  HMX  Is  known  to  form  complexes  with  numerous 
ketones,®’10  amides11,  and  aromatic  substrates. 11  We  postulated  that  HMX 
complexes  would  sufficiently  alter  the  solubility  of  HMX  relative  to 
the  SEX/HMX  or  DADN/SEX/HMX  mixtures  to  allow  preferential  precipitation 
of  SEX  or  DADN/SEX.  However,  recrystallizatlon  of  DADN/SEX/HMX  mixtures 
from  nitromethane/ cyclohexanone  (cyclohexanone  complexes  with  HMX9’10) 
yielded  mixtures  still  contaminated  with  HMX,  as  shown  in  Table  2, 
runs  1  and  2. 

When  SEX/HMX  mixtures  were  employed  (DADN  removed  by  hot  column 
chromatography  on  silica  gel,  discussed  below)  a  significant  increase 
in  the  SEX  purity  was  observed  upon  recrystallization  from  a  1:1  nitro¬ 
methane  /cyclohexanone  mixture.  Thus,  0.75  g  of  a  58/42%  SEX/HMX  mixture 
yielded  0.51  g  (68%  recovery)  of  93/7%  SEX/HMX  product  (Table  2,  run  4). 

A  1:1  mixture  of  dlmethylfonaamide/nitromethane  favored  preferential 
precipitation  of  HMX  (run  5)  whereas  nitromethane  alone  (run  3)  produced 
little  change. 

Although  Initially  promising,  sequential  recrystallization  from 
nitromethane/cyclohexanone  mixtures  (Table  2,  run  6  and  7)  yielded  no 
advantage  over  pure  nitromethane.  The  overall  yields  are  low  and  the 
purity  still  below  98%.  Thus  the  process  of  complexation  is  not 
appropriate  for  the  purification  of  SEX. 

Hot-Column  Chromatography 

Adequate  separation  of  DADN,  SEX,  and  HMX  was  obtained  on  TLC  plates 
using  a  variety  of  polar  eluents  such  as  nitromethane,  acetonitrile, 
and  acetone;  however,  column  chromatographic  separation  was  hampered 
by  the  low  solubility  of  the  crude  SEX  mixtures.  To  overcome  this 
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problem,  we  attempted  to  separate  the  DADN/SEX/HMX  mixtures  by  hot-column 
chromatography.  Table  3  shows  the  results  of  several  hot-column 
chromatographic  trials.  The  column  temperature  was  maintained  between 
90°  and  100°C  by  running  steam  through  the  system.  Nitromethane  was 
selected  as  the  elution  solvent  because  (1)  its  boiling  point,  103°C, 
is  high  enough  to  avoid  excessive  internal  boiling  and  (2)  the  solubility 
of  the  crude  DADN/SEX/HMX  mixtures  In  refluxing  nitromethane  is  approximately 
5  g/100  mL,  considerably  higher  than  that  of  acetonitrile  and/or  acetone. 
Thus,  a  50-g  sample  of  crude  SEX  (composed  of  10. OX  DADN,  66.6%  SEX,  and 
4.0%  HMX)  was  purified  using  a  3-inch  diameter,  4-foot-long,  jacketed 
column,  packed  with  5  pounds  of  90-200  mesh  silica  gel.  The  results  were 
consistent  with  previous  smaller  scale  hot-column  chromatographic 
separations  shown  in  Table  3.  The  elevated  temperature  is  required  to 
make  purification  of  kilogram  quantities  of  SEX  economically  feasible. 

Preparative  HPLC 

After  the  SEX/HMX  mixture  is  obtained  from  the  hot  column  chroma¬ 
tography,  it  is  purified  to  98+%  SEX  by  preparative  HPLC.  Again,  the 
only  limitation  is  the  solubility  of  the  SEX/HMX  in  nitromethane.  How¬ 
ever,  since  nitromethane  is  used  in  the  hot  column,  the  eluted  SEX/HMX 
mixture  can  be  applied  directly  to  the  HPLC  without  further  handling. 
Commercially  available,  prepacked  silica-gel  columns  were  used  to  effect 
separation.  Thus,  a  SEX/HMX  mixture  with  a  solubility  of  approximately 
1.0  g  per  100  ml  of  nitromethane  afforded  99.9+%  SEX.  Samples  of 
1  to  2  grams  can  be  purified  per  injection,  with  a  retention  time  of 
15  minutes. 

Crystallization1 3 

Recrystallization  was  first  attempted  on  crude  DADN/SEX/HMX 
mixtures.  The  DADN  rapidly  precipitated  from  all  solvent  systems 
examined  and  afforded  nucleation  sites  for  both  SEX  and  HMX.  The 
precipitation  accounts  for  observed  low  purity  o  SEX  in  samples 
containing  significant  quantities  of  DADN.  However,  the  products 
obtained  from  the  hot-column  separations  described  above  contain 
little  DADN  (generally  less  than  1.0%).  Thus,  recrystallization 
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should  be  an  effective  method  for  separating  the  remaining  4%  to  5% 

HMX,  yielding  greater  than  98+%  SEX.  Also,  recrystallization  should  be 
more  effective  because  KMX  is  more  soluble  in  most  solvents  and  is 
present  in  such  small  amounts.  Acetone  appears  to  be  the  most  effective 
solvent  for  recrystallization  (Table  4) ,  yielding  products  whose 
composition  is  consistently  greater  than  98%  SEX.  Large  amounts  of 
acetone  are  required  (approximately  100  mL/g)  and  crystallization  is 
slow,  taking  several  days.  The  slow  rate  of  crystallization  seems  to 
help  prevent  cocrystallization  of  HMX,  and  the  purity  lucreaL_c- 
successive  batches  of  crystals  recovered  over  time.  With  this 
purification  method,  i.e.,  hot-column  chromatography  on  silica  gel 
using  a  nitromethnne  eluent  followed  by  slow  recrystallJ ~ation  from 
acetone,  98+%  SEX  can  be  obtained. 
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Table.  4 


^CRYSTALLIZATION  OF  SEX/HMX  MIXTURES 
Amount8  AmounLb 


Dissolved 

Recovered 

Composition 

c 

Solvent  <mL) 

(ft) 

(fi) 

%  HMX 

%  SEX 

%  DADN 

Nitromethane  (30) 

1.0 

0.70 

2.0 

97.9 

0.1 

Acetonitrile  (25) 

1.0 

0.85 

1.4 

98.6 

0.0 

Cyclohexanone  (30) 

1.0 

0.70 

1.2 

98.6 

0.1 

Cyclohexanone  (20) 

i.O 

0.80 

1.3 

93.2 

0.4 

Dimeth; (sulfoxide: 
water  (10:4) 

1.0 

0.68 

3.6 

95.9 

0.5 

Dime thylsulf oxide: 
water  (8.2:4) 

1.0 

0.63 

4.0 

95 . 5 

0.5 

Dlmethylsulf oxide: 
water  (5:2) 

1.0 

0.61 

3.6 

95.9 

0.5 

Dlmethylsulf oxide: 
water  (5:1) 

1.0 

0.43 

2.3 

97.0 

0.7 

Acetonitrile  (25) 

1 .0 

0.63 

5.3 

96.3 

0.3 

Acetone  (25) d 

1.0 

0.55 

2.4 

97.6 

0.0 

Acer  -*•»  (100) 

1.0 

0.52 

0.8 

98.6 

0.6 

Acer 

2.7 

1.47 

0.8 

98.6 

0.6 

Acetone^  (80,.,/ 

7.4 

4.06 

0.3 

99.6 

Q>1 

Acetone^(1700) 

16.4 

9.3^ 

~  7 

98.5 

0.8 

Acetone®(1700) 

17.6 

8.2 

1.) 

98 .  <S 

0.5 

Acetone*1  (1200) 

12.9 

6.5 

1.4 

97.9 

0.3 

aInltial  composition 

93.6%  SEX, 

5.9%  HMX,  0.4% 

DADN. 

bTotal  amount  recovered  over  5-day  period. 
cComposltion  determined  by  analytical  HPLC. 
^Concentrated  down  from  IOC  mL. 

eIn.ltial  composition  95%  SEX,  4.7%  HMX,  0.3%  DADN. 
^Initial  composition  96.0%  SEX,  3.2%  HMX,  0.7%  DADN. 

^Initial  composition  96.1%  SEX,  3.1%  HMX,  0.8%  DADN. 

^Initial  composition  95.6%  SEX,  3.2%  HMX,  1.2%  DADN 
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CHARACTERIZATION  OF  TAX 

TAX  appears  sufficiently  stable  in  nonaal  nitrolyais  media  to  exist 
as  a  contaminant  in  RDX/HMX  manufacturing  process.  The  characteristics 
of  TAX  are  as  follows: 

NO, 

^N^ 

CH,  CH, 

Structural  Formula:  I  I 

^  X  ? 

0,N^  CHf  ^C-CH, 

Empirical  Formula:  C,H«N,Os 

Elemental  Analysis:  Calculated:  C.  27.39;  H,  4.11;  N,  31.96 

Found:  C,  27.45,  27.40;  H,  4.14,  4.16;  N,  31.75,  31.87 

Melting  Point:  158°-159*C 

Density:  1.575  g/cm3  at  21°C 

Molecular  Weight:  219  (Calculated) 

Solubility:  Soluble  in  acetone,  acetonitrile,  methanol,  ethanol, 
and  nitromethane.  Insoluble  in  trifluoroacetic  acid. 

Impact  Sensitivity  (drop  weight  test) :  Greater  than  300  kg-cm  compared 
with  134  kg-cm  for  pure  RDX.  TAX  is  insensitive  to  direct  strong  hammer 
blows.  During  our  investigations  TAX  has  not  exhibited  any  impact 

aer*  •  tivi.vy. 

Infrared  spectrum:  See  Figure  4. 

Proton  NMR  Spectrum:  See  Figure  5, 

Chemical  Properties:  TAX  is  destroyed  rapidly  by  96X  sulfuric  acid. 

Purity:  The  purity  of  TAX  was  determined  by  analytical  HPLC  usin? 
reverse-phase,  system  with  30/70  methanel/water  eluent.  An  intern*' 
of  1,3,5-trinitrobenrene  was  used  with  1/Rf  values  of  2,39  for  RDX  and  21 
for  TAX.  Column  chromatograohed  TAX  contained  no  detectable  amounts  of  TRAT 
(starting  material)  or  RDX  (major  contaminant  of  crude  reaction  mixtures) . 

Also,  no  othtr  contaminants  were  detected  by  HPLC,  ensuring  a  99.9+Z  purity  of 
material. 
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FIGURE  4  INFRARED  SPECTRUM  OF  99. 9X  TAX 


FIGURE  5  NHR  SPECTRUM  OF  99. 9Z 


CHARACTERIZATION  OF  SKX 

SEX  appears  sufficiently  stable  in  normal  nltrolysia  media  to  exist 
as  a  contaminant  in  RDX/HMX  manufacturing  process, 
of  SEX  are  ae  follows: 

HO* 

I 

Structural  Formula:  H*0—  N"-CH* 

0,N-H  N  - 

H,i— H — 

I 

110* 

Empirical  Formula:  C4H11N7O7 

Elemental  Analysis:  Calculated:  C,  24.57;  H,  3.75;  N,  33.45 

C,  24.21;  H,  3.76;  N,  33.45 

Melting  Point:  237°-237.5°C 

Density:  1.785  g/cm*  at  21°C 

Molecular  Weight:  293  (Calculated) 

Solubility:  Soluble  in  dimethylsulf oxide.  Slightly  soluble 

in  acetone,  nitrome thane,  and  acetonitrile.  Almost 
insoluble  in  ethanol,  benzene,  and  ether. 

Impact  Sensitivity  (drop  weight  test):  Greater  than  300  kg-cm 
compared  with  148  kg-cm  for  pure  HMX.  SEX  is  sensitive  to  direct  strong 
hammer  blows.  During  our  investigations  SEX  has  exhibited  no  instability, 
but  because  of  the  hammer  results  should  be  handled  as  a  potential  explo¬ 
sive,  like  HMX. 

Infrared  Spectrum:  See  Figure  6* 

Proton  NMR  Spectrum:  See  Figure  7. 

Chemical  Properties:  SEX  gives  a  positive  Franchimont  nitramine 
reaction,  but  a  negative  Liebermann  nitroso  test.  Decomposition  in 
hydroxide  fails  to  produce  free  CHjCOO  for  a  lanthanum  nitrate  test. 


The  characteristics 


C-CH, 
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However,  If  SEX  is  decomposed  in  96X  sulfuric  ecid,  Che  dlscillece  gives 
a  lanthanum  nitrate  test. 

SEX  appears  inert  to  boiling  acetic  anhydride  end  unaffected  by 
treatment  with  ammonium  nitrate-nitric  acid  mixtures.  Absolute  nitric 
acid  at  50°-60°C  converts  SEX  to  KMX.  Wens  70%  nitric  ecid  destroys 
the  compound  rapidly,  as  dose  10%  aqueous  sodium  hydroxide  and  28X 
ammonia. 

Purity:  The  purity  of  SEX  was  determined  by  analytical  HPLC  with 
a  Spectra-Physics  3500B  Liquid  Chromatograph.  A  waters  R CM- 100 ,  Cm 
cartridge  with  a  mobile  phase  of  80/20  water/ methanol  was  used  for 

* 

DADN/SEX/HMX  mixtures.  An  internal  standard  of  RDX  was  used  with  1/R^ 
values  of  1.5  for  HMX,  1.5  for  SEX,  and  1.7  for  DADN.  Hot-column 
chromatographed  SEX  contained  no  detectable  amounts  of  DADN  (starting 
material)  and  only  to  2X  HMX  (sole  contaminant) .  High  pressure  liquid 
chromatographed  material  contained  no  DADN  or  HMX.  Also,  no  other 
contaminants  were  detected  by  analytical  HPLC,  ensuring  a  99.9+S  purity 
of  SEX. 


CONCLUSIONS 

TAX  c&u  be  prepared  in  kilogram  quantities  using  a  continuous 
plug-flow  method.  The  major  advantages  of  the  method  are  the  ease  of 
controlling  the  reaction  exotherm  and  the  minimizing  of  the  potentially 
hazardous  reaction  conditions  that  resulted  in  two  unexplained 
detonations  during  initial  experiments. 

A  method  for  preparing  and  purifying  SEX  was  developed.  Nitrolysis 
of  DADN  with  100%  nitric  acid/30%  oleum  mixture  consistently  yields  75% 
i.o  85%  pure  SEX,  contaminated  with  from  2%  to  5%  HMX  and  10X  to  20%  DADN. 
This  material  can  be  purified  to  98+%  SEX  by  hot-column  chromatography 
using  a  nitromethane  eluent,  followed  by  recrystallization  from  acetone. 
2.0  kilogrrms  of  98+%  SEX  Is  currently  being  prepared  by  this  method. 


response  factor. 
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EXPERIMENTAL  PROCEDURES 

Analysis  Procedures  for  TAX  and  SEX 

The  composition  of  crude  reaction  products  obtained  from  the 
nitration  of  DADN,  recovered,  compounds  from  hot-column  chromatography, 
and  SEX  recrystallized  from  acetone  was  determined  by  HPLC.  A  Waters 
system  consisting  of  a  pair  of  Model  6000  Pumps,  a  U6K  Injector,  Model 
440  UV  Absorbance  Detector,  Data  Module  and  System  Controller  was  used. 

A  Waters  micro-Porasil  column  using  a  50/50  Acetonitrile/  Methylene 
Chloride  elueni  at  a  flew  rate  of  2  ml  per  minute  was  employed. 

Under  these  conditions,  baseline  separation  is  achieved,  and  the  entire 
analysis  of  a  sample  requires  less  than  ten  minutes.  Standard  solutions 
of  each  of  the  pure  compounds,  and  a  known  composition  mixture  of  the 
three  were  injected  to  determine  the  retention  time  and  the  relative 
response  /actors  for  each  component.  The  relative  response  factors 
for  the  three  compounds  are:  SEX-0.515;  HMX-0.430;  and  DADN-0.571. 

By  this  method  we  can  determine  the  percent  composition  of  a  sample 
with  an  accuracy  of  about  two  tenths  of  a  percent. 

I,3,5-Triacetyl-l,3,5-hexahydrotriazine  (TRAT)* 

Hexamine  (10  g,  72  mmole)  was  added  at  room  temperature  with  stirring 
to  acetic  anhydride  (41,  0.4  mole).  A  mild  exotherm  raised  the 
temperature  to  35°C,  after  which  the  mixture  was  heated  for  2/hr  at  98°C. 

The  solution  was  cooled  to  5°C,  200  mL  of  water  was  added,  and  the  mixture 
was  stirred  for  30  min.  The  solution  was  then  reduced  to  a  viscous 
yellow  liquid  by  vacuum  distillation.  Water  (25  mL)  was  added,  and  the 
mixture  was  cooled  and  stirred  to  Induce  precipitation.  The  solid  product 
was  filtered  and  dried  In  vacuo  over  sodium  hydroxide  pellets,  yielding 
8.6  g  (59. 7%)  of  white  crystalline  TRAT,  m.p.  91°-94°C  (literature  m.p., 
93°-96°C).  Alternatively  the  residual  water  could  be  removed  by  azeotroping 
with  methylene  chloride.  200-Fold  increase  in  the  amount  of  hexamine 
(2  kg,  5.6  moles)  afforded  1.07  kg  (74.721)  of  TRAT,  m.p.  92°-94°C. 


1??0 
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l-Acetyl-3.5-Dinitro-l,3,5-Hexahydrotrlaxine  (TAX) 


As  an  important  caution,  we  note  that  during  our  investigations  on 
the  preparation  of  TAX,  two  unexplained  detonations  occurred  with  no 
forewarning.  Injury  to  personnel  was  avoided  because  adequate  safety 
measures  were  in  force  at  the  time  of  the  explosions. 

Batch  Preparation  of  TAX.  The  following  preparative  procedure,  a 
modification  of  that  described  by  Gilbert  et  al.,7  was  found  to  be  superior 
to  those  described  in  the  literature.  TRAT  (1.4  g,  7.0  mmole)  and 
trifluoroacetic  anhydride  (7.6  g,  36.5  nmole)  were  mixed  at  15°C  in  a 
flask  equipped  with  a  magnetic  stirrer,  dropping  funnel,  end  external 
cooling  bath.  Nitric  acid  (3.0  g  of  100%  acid,  48  mmole)  was  added 
dropwise  with  stirring  and  cooling  at  15°-20°C,  The  cooling  bath  was 
removed,  and  stirring  was  continued  for  15  min.  The  solution  was  then 
poured  into  100  mL  of  ice  water.  The  white  precipitate  was  filtered  and 
dried  in  vacuo  over  Pa0s  affording  0-95  g  (58%  yield)  of  crude  TAX. 

HPLC  analysis  of  the  crude  TAX  indicated  a  94%  composition  of  TAX  with 
only  6%  RDX  as  the  major  contaminant. 

Plug-Flow  Preparation  of  TAX.  For  this  preparation,  we  used  a 
four-necked,  35  mL  flask  equipped  with  a  mechanical  stirrer,  thermometer, 
condenser,  two  inlet  tubes,  and  an  overflow  outlet  located  approximately 
1.2  in.  from  the  bottom  of  the  flask.  The  apparatus  was  cooled  in  an 
ice/water  bath,  during  which  time  27  g  of  TRAT  (0.12  mole)  dissolved  in 
144  g  of  trifluoroacetic  anhydride  was  added  at  a  rate  of  1  mL  min  by 
using  a  constant  addition  syringe.  Simultaneously,  100%  HNOa  was  introduced 
through  the  other  inlet  at  a  rate  of  0.33  mL/min.  The  resulting  mixture 
was  stirred  vigorously  and  constantly  overflowed  into  a  3.6-ft  length 
of  l/4-ln.-0.D.  glaaa  and  FEP  tubing  immersed  in  water.  The  total  volumetric 
feed  rate  of  approximately  1.33  mL/min  corresponded  to  a  nominal  reaction 
residence  time  of  15  min  in  the  FEP  tubing,  neglecting  gas  evolution. 

The  discharge  from  the  FEP  tubing  was  immediately  quenched  into  a  ice/water 
bath,  precipitating  the  crude  TAX.  This  material  was  then  filtered,  washed 
with  several  small  portions  of  ice  water,  and  dried  in  vacuo  over  PaOs, 
affording  17.1  g  (63%)  TAX. 
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The  material  composition  of  the  crude  TAX  as  determined  by  analytical 
HPLC  was  90*  TAX,  6.4%  RDX,  and  3.4*  TRAT. 

Purification  of  TAX  by  Open  Column  Chromatography.  A  column  packed 
with  4G0  g  of  90-200  mesh  silica  gel  was  charged  with  8.4  g  of  crude 
TAX  dissolved  in  35  mL  of  a  1:1  mixture  of  nitrooethane:dichloromethane. 

The  column  was  eluted  with  the  same  solvent  mixture,  and  each  fraction 
(75-tnL  poV t Ions)  was  examined  by  TLC.  Fractions  containing  like 
components  were  combined  and  concentrated.  The  first  500  mL  of  effluent 
yielded  1.9  g  of  RDX  upon  concentration.  After  approximately  100  mL  of 
solvent  containing  no  material,  the  major  component,  6.41  g  of  TAX 
(essentially  quantitative  recovery  of  material) ,  eluted  with  the  next 
600  mL  of  solvent.  Analytical  HPLC  showed  this  material  to  be  greater 
than  99.9*  TAX. 

Elemental  analysis:  Calculated  for  Cj^NjOs:  C,  27.39;  H,  4.11;  N,  31.96 

Found:  C,  27.45,  27.40;  H,  4.14,  4.16;  N,  31.75,  31.87. 

1 -Acetyl-3, 5 , 7-trinitro-l ,3,5, 7-octahydrotetrazocine  (SEX) 

TFAA  liitrolysls.  DADN  (7.5  g,  26  nanole)  was  dissolved  in  50  mL  of  100*  HN03 
at  20°C.  With  cooling  (ice/water  bath),  7  mL  of  trifluoroacetic  anhydride 
was  added  dropwise  such  that  the  temperature  of  the  mixture  remained  between 
15°  and  20°C.  At  the  end  of  addition,  the  flask  was  placed  in  a  water  bath 
preheated  to  35°C  and  stirred  for  80  min  at  this  temperature.  The 
mixture  was  then  poured  into  ice/water  and  stirred  for  30  min,  which 
precipitated  crude  SEX.  The  crude  SEX  was  filtered,  washed  with  water, 
and  dried  over  Pa0s  In  vacuo,  yielding  6.5  g  (80*)  crude  SEX.  Proton 
NMR  analysis  of  the  product  indicated  the  following  composition: 

38*  DADN,  51*  SEX,  11*  HMX.  To  date  purification  of  this  mixture  has 
remained  Inadequate. 

30*  Oleum  Nltrolysls.  Oleum  nitrolysis  and  DADN  (100.0  g,  0.138  mole) 
was  dissolved  in  750  raL  of  100*  HN03  at  20°C.  With  cooling  (dry  ice/acetone 
bath),  165  mL  of  30%  oleum  was  added  at  such  a  rate  that  the  temperature  of 
the  mixture  did  rot  exceed  25°C.  At  the  end  of  the  addition,  the  flask  was 
stirred  at  room  temperature  for  19.5  hours.  The  mixture  was  the.  pour  2d 
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into  ice/water  and  stirred  for  30  min,  which  precipitated  the  crude  SEX. 

The  precipitate  was  filtered,  washed  with  several  large  portions  of  water, 
and  dried  over  Pa0s  in  vacuo,  yielding  42.5  g  (382)  SEX.  Analytical  HPLC 
of  the  product  indicated  the  following  composition:  14.22  DADN,  84.02 
SEX,  1.82  HMX. 

Purification  of  SEX.  The  crude  SEX  produced  by  the  nitration  of  DADN 
consists  of  about  75-802  SEX,  15-202  DADN,  and  less  than  52  HMX.  Separation 
of  all  three  components  was  possible  by  TLC  using  nitromethane  as  the 
solvent  and  silica  gel  as  the  stationary  phase.  However,  neither  ordinary 
column  chromatography  nor  preparative  HPLC  could  be  employed  for  preparative 
separations  because  of  low  solubilities  of  crude  SEX  mixtures.  However, 
open  hot-column  chromatography  using  nitromethane  did  prove  effective  in 
removing  the  DADN,  and  recrystallizaticn  of  the  resulting  SEX/HMX  mixture 
yields  98+2  SEX. 

The  apparatus  for  the  removal  of  the  DADN  consists  of  an  aluminum, 
steam  jacketed  column,  4  feet  in  length  and  3  inches  in  diameter.  A  1 
liter  steam  jacketed  addition  funnel  was  used  as  a  reservoir  for  pre¬ 
heating  the  nitromethane  eluent.  A  water  aspirator  is  connected  at  the 
bottom  of  the  column,  and  a  1  liter  flask  attached  for  collection.  The 
aspirator  speeds  up  the  flow  of  solvent  but  does  not  impair  the  separation 
significantly. 

Four  and  one-half  pounds  of  silica  are  added  to  the  column  as  a 
slurry  in  nitromethane.  The  steam  is  turned  on  to  preheat  the  column. 

A  75  g  sample  of  the  crude  SEX  dissolved  in  1800-2000  mL  of  boiling 
nitromethane  is  added  to  the  column.  After  the  removal  of  the  first 
2  L  of  solvent,  750  mL  fractions  are  collected.  These  are  analyzed  by 
TLC,  like,  fraction  combined,  and  solvent  removed.  Collection  continues 
until  SEX  no  longer  appears  on  the  TLC.  In  general,  the  first  5  to  7 
fractions  contain  only  HMX/SEX,  and  fractions  8  to  10  contain  SEX  and  DADN. 

The  recovered  product  consists  of  95-962  SEX  with  less  than  0.5%  DADN 
as  determined  by  analytical  HPLC. 


rnmmmmmm 


The  SEX/HMX  mixture  Is  then  dissolved  In  a  minimum  of  refluxing 
acetone  and  allowed  to  cool  slowly.  Precipitate  forms  over  a  period  of 
several  days,  removing  most  of  the  HMX  yielding  98+X  SEX. 

Elemental  analysis:  Calculated  for  C.HjiNyOy:  C,  24.57,  H,  3.75;  N,  33.45 
Found:  C.24.21;  H,  3.76;  N,  33.45 
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ABSTRACT 

\v 

■^In  the  rocovery  of  acids  from  the  nitration  of  toluene  to  TNT,  it  ir, 
possible  under  certain  conditions  to  obtain  mixtures  of  nitroaromatic  com¬ 
pounds,  primarily  mono-  and  dinitrotoluere  with  nitrogen  tetroxide  (N-0it) 
and/or  tetranitromethane  (TNM) .  Since  these  mixtures  contain  rather  strong 
oxidizers  and  a  fuel,  they  have  the  potential  of  being  highly  sensitive 
liquid  explosives.  Studies  showed  such  mixtures  are  not  exceptionally 
sensitive  to  mechanical  Impact  and  friction  or  thermal  initiation. 

However,  these  mixtures  at  oxygen  balanced  proportions  are  extremely  sensi¬ 
tive  to  induced  shock  and  are  capable  of  propagating  explosive  reactions  at 
film  thicknesses  leas  than  0.5  mm.  In  the  standard  NOL  card  gap  test, 
oxygen  balanced  mixtures  of  Nj'OiJ  with  nltrobody  exhibited  an  attenuator 
thickness  of  greater  than  155  cm  as  compared  to  3.8  cm  for  TNT. 

Shock  sensitive  mixtures  of  N2O4  and  nltrobody  can  collect  in  fume  and 
acid  recovery  operations.  It  is  suspected  that  such  mixtures  were  the 
cause  of  some  of  the  explosions  in  TNT  acid  recovery  operations  in  the  past 
which  have  been  attributed  to  TNH.^ 

INTRODUCTION  \ 

One  problem  associated  with  the  recovery  of  uitric  acid  from  TNT  spent 
acids  is  the  potential  for  forming  sensitive  mixtures  of  TNM  or  N2O4  with 
nltroaromatlcs.  When  proper  environments  prevail,  such  as  low  temperatures 
and  process  fluctuations,  it  is  highly  probable  that  sensitive  mixtures  can 
collect  in  weak  nitric  acid  tanks  and  lines.  Since  these  mixtures  contain 
strong  oxidizers  and  a  fuel,  they  have  the  potential  of  being  highly  sensi¬ 
tive  liquid  explosives.  Urbanski  and  other  investigators  describe  the 
powerful  explosive  that  TNM  forms  when  mixed  with  nltroaromatlcs  (Sprengel 
explosives)  (refs.  1-4).  Prior  to  this  study,  past  explosions  in  TNT  acid 
recovery  had  been  attributed  to  TNM  (ref a.  5-7)  when,  in  fact,  it  is  new 
believed  that  some  of  these  explosions  were  probably  caused  by  N2O4- 
nltroaromatic  mixtures. 

Because  data  were  lacking,  this  study  was  undertaken  to  investigate 
and  define  the  relative  ease  with  which  mixtures  of  N2O4  or  TNM  with  mono- 
and  dinltrotoluene  are  initiated  by  mechanical  impact  and  friction  stimuli. 
Also,  the  relative  shock  sensitivity  and  explosive  propagation  characteris¬ 
tics  for  these  mixtures  were  Investigated  in  the  standard  critical  diameter 
and  NOL  card  gap  teste.  Procedures  and  specific  details  for  performing 
these  sensitivity  tests  are  found  in  reference  8. 
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The  resultant  dec*  provide  a  sensitivity  profile  analysis  for  mixtures 
of  NjO't  or  TKM  with  aitrobody  (MB)  ee  e  function  of  sample  composition. 

Thee*  den*  have  application*  for  assessing  cha  initiation  hasards  and  the 
explosion  potential  for  such  mixtures  in  fume  recovery  and  spent  add 
recovery  operations.  Although  2-mrmooitrotoluens  (2-MNT)  was  used  almost 
exclusively  is  this  investigation,  similar  test  results  should  be  expected 
of  N2O4  or  TNM  in  mixtures  with  any  soluble  nitroaromatic. 

DISCUSSION 

Initletion  sensitivity 

Individually,.  N-04  or  TNM  are  not  sensitive  to  impact  or  friction 
mechanical  stimulus.  This  is  not  surprising  because  both  are  strong  oxidis¬ 
ing  agents  end  should  not  be  expected  to  exhibit  explosive  characteristics 
unless  mixed  with  a  suitable  fuel.  This  la  reflectsd  by  data  in  Table  1 
which  show  NjOi*  or  TNM  reset  (Initiate)  in  the  Impact  or  friction  test  only 
when  tested  in  combination  with  nitrobodies  such  ss  MNT,  DOT,  or  TNT.  More¬ 
over,  the  mixture  of  N2O4/NB  or  TNM/NB  is  more  easily  initiated  than  MNT, 
DOT,  or  TNT.  Although  capable  of  initiation,  the  mixtures  of  N2O4/NB  end 
TNM/NB  are  not  considered  to  be  unduly  sensitive  to  impact  or  friction. 

Mixtures  of  TNM/NB  are  shown  to  be  mote  easily  Initiated  then  mixtures 
of  N2O4/NB.  Massons  for  the  differences  observed  between  the  impact 
threshold  initletion  limits  for  TNM  and  N2O4  are  not  apparent  and  believed 
to  be  attributed  to  sample  volatility  which  is  greater  for  N2Q4  and  which 
presented  problems  in  the  friction  test.  If  during  testing  the  N2O4  was 
vaporizing  quickly,  then  the  data  for  the  N?04  mixes  are  not  representative 
of  oxygen  balanced  but  are,  instead,  samples  of  unknown  compositions  which 
could  explain  data  variability. 

Explosive  reactivity 

Critical  diameter  tests  conducted  on  mixtures  of  N2O4  and  TNM  with 
2 -MNT  characterized  the  mix  explosive  reactivity  as  a  function  of  composi¬ 
tion  and  determined  minimum  dimensions  to  propagate  an  explosion.  As  can 
be  seen  from  data  in  Table  2,  the  explosive  reactivity  for  the  N2Q4/2-MNT 
mixture  Is  dependent  on  composition. 

Using  critical  diameter  as  an  indicator  for  explosive  reactivity,  one 
readily  observes  a  wide  range  where  the  mixtures  propagate  explosive  reac¬ 
tions  at  dimensions  less  than  6.4  mm.  Individually,  N2O4  or  2-MNT  would  not 
be  expected  to  reset  explosively.  This  is  apparent  from  the  composition 
profile  in  Figure  1  which  shows  that  2-MNT/N2O4  mixtures  become  increasingly 
more  reactive  with  addition  of  N2O4  oxidizer.  When  assessed  on  the  basis  of 
oxygen  balance,  the  date  show  that  a  wider  range  of  explosive  reactivity 
exists  for  N2O4/2-MNT  mixtures  which  are  oxygen  deficient  than  for  the 
oxygen  rich  mixtures. 

Testing  of  mixtures  in  which  TNM  was  substituted  for  N2O4  yielded  an 
identical  explosive  propagation  profile  as  obtained  in  the  N2O4/2-MNT  test 
series  (see  Table  2).  It  is  expected  that  substituting  other  nltrobody, 
such  as  DOT,  would  yield  a  similar  critical  diameter  sensitivity  profile 
analysis. 


Tha  less  than  6.4  mm  critical  dimeter  axhibited  by  NgO*/KB  and  tm/HB 
mixtures  necessitated  investigating  th*  explosive  propagation  char«ct«rla- 
tie*  of  these  Mixtures  as  thin  files  using  the  teat  arrangement  shown  in 
Figure  2. 

Initial  work  was  performed  with  TIM  due  to  ease  of  handling  versus  the 
extrema  volatility  of  An  oxygen  balanced  mixture  of  TKM  and  2 -MKT  at 

a  weight  ratio  of  79* 21  was  found  to  propagate  an  explosion  at  a  layer 
thickness  less  than  0.5  an  (see  Table  3).  At  this  layer  thickness  and 
sample  sirs  (three  grams),  the  force  of  the  explosion  destroyed  the  test 
vehicle.  The  data  in  Table  3  also  reveal  that  similar  reactions  are 
obtained  at  oxygen  rich  and  oxygen  deficient  mixture  ratios  covering  a  wide 
concentration  rafege.  The  above  information  has  particular  applications  for 
assessing  the  explosion  hasard  potential  for  thin  films  of  N2O4/NB  in  fume 
and  add  recovery  storage  and  processing  equipment. 

Sensitivity  to  Shock 

The  relative  esse  with  which  various  mixtures  of  N2O4/2-MNT  ere 
initiated  by  shock  stimulus  was  invest lgatsd  in  the  NOL  card  gap  teat. 

Oxygen  rich,  oxygen  deficient  end  oxygen  balanced  mixtures  were  tested. 

As  date  in  Figure  3  show,  a  wide  M2O4/2HMKT  weight-ratio  range  (80:20 
to  10:90)  is  easily  lnitlatad  by  Induced  shock  of  two  Pent elite  explosive 
pellets.  However,  only  a  vary  narrow  weight-ratio  range  wee  found  to  be 
extreamly  sensitive  to  shock,  exhibiting  a  card  gap  value  >  155  cm.  The 
mixture  composition  exhibiting  extreme  sensitivity  to  shock  occurs  at 
oxygen  balanced  (72:28  N20t,/2-MNT) ;  however,  the  shock  sensitivity  drops 
off  quickly  for  oxygen  rich  and  oxygen  deficient  mixtures. 

When  compered  on  the  basis  of  shock  pressurs  in  Figure  4  (ref.  9) ,  the 
relative  shock  sensitivity  of  th->  NjO^/l-KHT  mixture  (oxygen  balanced)  is 
greeter  than  molten  TNT  by  e  factor  of  «  190,  i.e.,  >  155  cm  versus  3.8  cm 
card  gap  valua. 

Hexarde  Analysis 

The  above  sensitivity  data  for  the  B20»,  end  TKM  mixtures  with  nitrobedy 
provide  hazard  information  only  from  the  relative  viewpoint  that  the  com¬ 
bustible  response  end  reactivity  to  various  stimuli  can  be  compared  on  the 
basis  of  processing  mixtures  and/or  chemical  and  physical  properties.  To 
quantitatively  assess  suspected  initiation  hexarde  and/or  confirm  the  degree 
of  safety  in  TNT  operations,  it  was  necessary  to  compare  the  data  to  the 
magnitude  of  initiation  stimuli  to  which  these  materials  are  subjected 
during  normal  and  accidental  manufacturing  operations.  To  this  end,  quanti¬ 
tative  assessments  were  made  of  various  compressors  and  pumps  whsre  exposure 
to  TNM/NB  or  N20i,/NB  could  occur.  Also,  study  findings  are  used  to  show  s 
N2(\-nltrobody  sensitive  mixture  as  the  most  probable  cause  for  on  explosive 
incident  in  the  TNT  spent  acid  recovery  operation  at  Bedford  AAP. 

A  complete  characterisation  performed  of  the  TNT  spent  acid  recovery 
operation  rsvealsd  that  accumulations  of  potentially  explosive  mixtures  could 
occur  year  round  for  noat  weather  conditions.  It  was  found  that  NB/N2O4 
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ratios  la  proean  samples  obtained  at  10*C  and  0*C  weather  conditions  ranged 
from  oxygen  balanced  (1:3)  to  oxygen  rich  (1:17)  to  oxygen  deficient 
(1:0.02)  mixtures.  Chemical  analysis  of  process  samples  la  Table  4  showed 
a  slight  Increase  la  the  parcantaga  of  MS  and  R2O4  dissolved  In  the  acid 
aaaplaa  tested  at  temperature#  of  0*C  or  below. 

Because  the  potential  exists  fo:  sensitive  mixtures  of  NgO^/MV  to  be 
present  at  the  acid  recovery  unit,  quantitative  has ards  studies  (ref.  8) 
ware  nade  of  equipment  and  operations  to  ensure  that  haxardous  energy 
potentials  were  not  present.  One  such  analysis  carried  out  was  concerned 
primarily  with  evaluating  the  Initiation  potential  of  oxldixer/fuel  liquid 
alxtures  under  high  rate,  compression  heating  aa  eight  occur  In  various 
puepa  and  compressors. 

Tests  conducted  in  the  fixture  depicted  In  Figure  5  disclosed  that 
THM/MNT  alxtures  ere  capable  of  being  Initiated  by  coapresaional  heating 
end  exhibit  e  threshold  initiation  compression  rate  of  9.9  x  106  kFa/sec. 

Equivalent  pressure  rates  of  riss  st  onset  for  sample  initiation  ranged 
from  9.9  to  11.2  x  10*  kPa/aac  (Trble  5). 

After  initiation,  pressure  rates  of  rise  generally  increased  rapidly. 
Application  of  these  data  for  assessing  the  initiation  potential  for  N2O4/HB 
mixtures  within  the  compressors  and  pumps  listed  in  Table  6  show  adequate 
safety  margins  ranging  from  >  17  to  >  524.  These  assessments  represent  a 
more  severe  case  since  realistic  high  rate  compression  conditions  are  diffi¬ 
cult  to  achieve  in  this  equipment  even  if  the  pump  or  compressor  outlets 
were  operated  closed.  Other  impact  and  friction  potentials  associated  with 
the  spent  add  recovery  operation  which  were  hazards  assessed  are  reported 
In  reference  10. 


analysis  of  Incident 


An  explosion  (ref.  10)  occurred  in  the  spent  acid  recovery  storage  tank 
outlet  line  which  feeds  reclaimed  weak  nitric  acid  to  the  day  tanks  adjacent 
to  the  nitration  building.  At  the  time,  acid  flowed  by  gravity  from  an 
elevation  of  *  30  meters.  Upon  filling  of  the  day  tank,  tha  closing  of  a 
fast-acting  valve  produced  a  hydraulic  shock  followed  by  e  violent  reaction 
at  an  acid  storage  tank  some  122  meters  away.  Prior  to  th«  incident, 
evidence  cm  hand  showed  the  spent  acids  being  sent  to  the  acid  recovery  unit 
contained  unusually  high  peresntages  of  nltrobody  and  oxides  In  the  acid. 


Tetranltroaethane  was  suspected  st  first;  howsver.  Infrared  analysis 
showed  only  traces  of  this  compound  present  in  e  few  of  the  many  acid  samples 
taken  from  various  locations  at  the  acid  recovery  unit  and  the  nitration  and 
purification  buildings.  Increasing  evidence  pointed  to  the  presence  of  N2O4 
because  of  plant  process  fluctuations  prior  to  the  incident  and  knowledge 
that  N2Q4  can  form  sensitive  alxtures  with  nltroerooatlcs. 


Subsequent  sensitivity  tests  were  performed  and  confirmed  both 
laboratory-prepared  NzO^-nitrobody-aeid  mixtures  and  TNT  plant  acid  samples 


capable  of  explosive  propagation  react Iona.  Explosive  caactiona  vara  coat 
violent  In  taata  employing  high  NjOg-nitrobody  to  acid  ration  (rat.  10). 


Calculation*  based  an  standard  equations  show  the  hydraulic  shock 
could  have  transmitted  a  pressure  pulse  of  *  83  bars  in  the  line  or  at  the 
closed  valve  face.  A  teaperature  rise  caused  by  adiabatic  compression  of 
an  air  bubble  was  calculated  to  approach  *  700®C.  Greater  localised  pres¬ 
sures  or  temperatures  could  easily  have  existed  for  short  durations  due  to 
wave  reflections  and  rarefactions  within  this  systea.  Data  obtained  in  this 
recant  atudy  corroborated  tha  earlier  findings  that  the  explosion  was 
attributed  to  the  presence  of  an  NjiOi^-nitrobody  mixture.  As  con  ba  aeon 
from  data  in  Figure  4,  shock  prsssur*  versus  card  gap  thlcknaaa  predict  that 
an  oxygen  balanced  N20i,/2-*MT  mixture  is  initiated  at  Xeaa  than  138  bars 
when  extrapolated  to  a  gap  thickness  of  «  153  cm.  This  low  initiating  shock 
pressure  approximates  the  calculated  hammer  shock  prsssur*  of  “  83  bars 
possible  during  tha  valve  closing  operation  in  th*  RAAP  acid  recovery  weak 
nitric  acid  tanka. 

Processing  changes  mad*  to  eliminate  or  minimise  formation  of  these 
mixtures  from  acid  recovery  unit  include  (1)  reducing  the  NB  content  of  the 
spent  acid  prior  to  acid  recovery,  (2)  reducing  tha  NO*  content  of  the 
cooler  condenser  acid  through  temperature  control  of  this  acid,  and  (3) 
bleaching  the  SAP  absorption  product  and  recycling  a  portion  of  this  bleached 
acid  through  th*  tank  which  receives  the  cooler  condenser  acid  and  Nash 
compressor  acid,  and  (4)  elimination  of  feat-closing  valves  in  TNT  operations. 
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Explosive  shock  propagation  charactaristics— 2-MNT/MjOi»  weight  ratio 
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Fig.  5.  Compression  test  apparatus 


TABLE  1 


Mixture 1 
N204 

n2o4/mnt 

N204/DNT 

N204/TNT 


TNM  >  22.4 

TNM/toJT  6,9 


>  131 
8 


MNT  >  22.4 
IW IT  16.6 
TNT  8.4 


>  131 
SI 
36 


^Mixtures  oxygen  balanced. 

Level  above  which  Initiation  occurs;  20  consecutive  failure 
level  Indicated.  (7)  represents  upper  limit  of  teat  equipment 
and/or  teat  criteria, 

♦Sample  volatility  precluded  testing  on  this  apparatus. 


TABLE  2 


Explosive  Propagation  Characteristic!  for  KaOu/l-MNT  and  THM  Mixtures 


Composi¬ 

tion 

Weight 

Ratio 

Critical 

Diameter1*2 

<m) 

Sample  Reaction 

2-MNT/ 

n2o4 

89:11 

>  51 

No  reaction,  “  48  cm 
intact 

of  container 

80:20 

25.4 

No  reaction,  «  38  cm 
intact 

of  container 

62:38 

<  6.4 

Explosion,  container 
small  pieces 

fragmented  into 

28:72  (OB)3 

<  6.4 

Explosion,  container 
small  pieces 

fragmented  into 

7:93 

<  6.4 

Explosion,  container 
small  pieces 

fragmented  into 

5:95 

>  51 

Decaying  reaction,  ■ 
container  Intact 

30  cm  of  test 

. 

3:97 

>  51 

No  reaction,  «  41  cm 
intact 

of  container 

2-MNT/ 

TNM 

59:41 

<  6.4 

Explosion,  container 
small  pieces 

fragmented  into 

21:79  (OB)3 

<  6.4 

Explosion,  container 
small  pieces 

fragmented  into 

7:93 

<  6.4 

Explosion,  container 
small  pieces 

fragmented  into 

1 Defined  as  minimum  dimension  above  which  an  explosive  reaction  can  be 
propagated.  Composition  C-4  explosive  donor  having  diameter  equal  to 
the  test  sample  and  a  L:D  of  3:1  plus  2.54  cm  for  blasting  cap  was 
employed. 

^Confined  in  Schedule  40  steel  and  tested  at  “  16°C. 

3 Oxygen  balanced  mixture. 


! 
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TABLE  3 


3BlaJEyaJBtt3aa^ 


Sample 

Weight, 

percent 

Oxygen  balance, 
peregn* 

Threshold 

thickness1 

(m) 

2-MWT/TNM 

21:79 

0  (oxygen  balanced) 

<  0.51 

7:93 

+112  (excess) 

>  2.5 

1  _  .  -  *  . 

38:62 

-42.5  (deficient 

<  2.0 

lnim  thickness  above  which  an  explosive  r auction  can  b«  propagated. 


2 Five  failuraa  obtained  at  tha  no  reaction  larval  at  aablent  temperature. 


TABLE  4 

N2O4,  TNM  and  Nltrobody  Found  at  Acid  Recovery  Area1 


Temperature 

RangeX 

CO 

n2o4 

KB 

N2O4/NB  ratio 

AOP  tower 

10 

0.00 

mm 

0.03 

0.4  -  1.2 

0.0 

1:20 

0 

0.03 

* 

0.08 

0.91  -  1,3 

1:16 

- 

1:30 

Tanka 

10 

0.00 

mm 

0.27 

0.21  -  0.92 

0.0 

1:1 

0 

0.07 

2.42 

1.05  - 

1:1.4 

- 

1:15 

Cooling 

10 

1.33 

- 

3.0 

0.33  -  3.38 

1:2 

7:1 

condenser 

0 

1.43 

- 

3.46 

2.48  -  3.51 

1:1 

~ 

1:1.7 

Nash 

10 

0.82 

— 

2.15 

0.13  -  2.59 

1:2 

16:1 

compressor 

0 

2.16 

- 

2.53 

4.02  -  4.18 

1:1,7 

- 

1:2 

Surge  pumps 

10 

3.48 

— 

9.50 

0.52  -  1.00 

4:1 

19:1 

0 

4.07 

- 

4.12 

0.36  -  0.42 

10:1 

- 

11:1 

lNo  TNM  found;  sample  analysis  was  by  gas  chromatograph,  titration  and/or 
infrared  spectrophotometer  techniques. 


5S o. 

Samples 


10 

6 

5 

6 

5 

3 

5 

3 

4 
3 


Pressure  Rat*  of  Sis* 

Composition2  Oxygen  Balance  OfcPa/aec  x  10~6> 

Skmnm..  _ if) .  Ms_ _ ZZ_M 

21:79  0  11*2  18.1 

7i93  +33  10.5  14. ! 

38:62  -38  9.9  27.! 

^Taat  described  la  Unit  Operating  Procedure  4-29-9. 

2W«ight  percent  ratio. 


TABLE  6 

Safety  Aaaaaaagat  of  Spent  4cid  and  Pume  Recovery  Pumps  and  Compressors 


Item  Being 
Assessed 

Initiation1 

Mode 

In-Process 

Potential 

(kPa/aec  x  10”*) 

Threshold 
Initiation  Bate 
(kPa/aec  x  10~4) 

Safet] 

Maroli 

Mash 

Compressor 

High  rate 

compression 

heating 

2.1 

1100 

52** 

Spent  Acid 
Pumps 

High  rate 

compression 

heating 

7.9  to  64.5 

1100 

139 

17 

Weak  Nitric 
Acid  Puaps 

High  rata 

compression 

heating 

4.5 

1100 

244 

Residual 

Acid  Pumps 

High  rate 

compression 

heating 

4.5 

1100 

244 

’Assessed  for  initiation  of  H204  or  TNM  mixture  with  nitrobody 
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HISTORY  AMD  PRESENT  ACTIVITIES  OF  THE  HOTZ-OLOB  ABB  GENERAL 
COMMENTS  ON  UNDERGROUND  AMMUNITION  STORAGE  IN  ROOT 


Arnfinn  Jenaaen 

Norwegian  Defence  Construction  Service 
Oslo,  Norway 


HISTORY 

The  Klotz-Club  oame  about  gradually.  It  all  started  when  a 
group  of  people  in  1966  discussed  the  possibility  to  reduce 
the  blast  effect  caused  by  accidental  explosions  in  underground 
ammunition  magazines.  Somebody  proposed  to  use  a  gigantic  blast 
valve  -  in  prinoiple  the  same  type  of  blast  valve  whloh  for  many 
years  had  been  used  to  protect  air  intakes  and  outlets  of  air 
raid  shelters  from  long  duration  nuclear  blasts.  At  that  time 
this  group  of  young  people  had  no  knowledge  of  a  similar  device 
tested  in  France  before  the  turn  of  the  century  / 1  / . 

Theoretioal  studies  and  experimental  work  were  carried  out  in 
Switzerland  and  Norway  between  1967  and  1970.  In  May  1971  a 
fast  acting  closing  device  -  KLotz  -  was  presented  at  a  confer¬ 
ence  in  Koblenz,  West-Germany.  On  March  8,  1972,  Sweden, 
Switzerland,  the  Federal  Republik  of  Germany  and  Norway  decided 
to  carry  out  a  full  scale  proof  test.  The  test  was  successfully 
performed  in  Xlvdalen,  Sweden,  May  2?,  1973. 

On  November  4,  1 975*  at  a  meeting  in  Stockholm,  the  four  parti¬ 
cipating  Klotz  test  countries  decided  to  continue  the  fruitful 
oooperation.  This  event  could  be  called  the  birth  of  the  Klotz- 
Club. 

Later  on  the  United  Kingdom  and  the  United  States  of  America 
Joined  the  Klotz-Club. 

Details  of  the  history  and  current  terms  of  reference  are  found 
in  Appendix  A. 
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ACHIEVEMENTS 

The  only  jointly  financed  project  by  the  Klotz-club  is  the 
proof  test  of  the  Klotz.  Many  other  testa  and  investigations 
have  been  coordinated  in  the  sense  that  the  need  for  informa¬ 
tion  and  the  possibilities  and  opportunities  to  carry  out 
studies,  and  to  undertake  development  and  tests  have  been  dis¬ 
cussed  thereupon  the  work  has  been  divided  between  the  parti¬ 
cipating  countries. 

Many  tests  have  been  undertaken  to  determine  the  chamber 
pressure  in  underground  magazines  and  the  blast  propagation 
in  the  branch  and  main  passageway.  Computer  programs  /2/ 
have  been  developed  independently  by  the  Naval  Ordnance 
Laboratory.  For  simple  geometries  the  calculated  gas  pressure 
is  found  to  be  in  close  agreement  with  results  from  model 
tests.  As  an  example  results  from  a  computer  calculation  are 
shown  in  figure  1 . 

Tests  and  calculations  showed  that  the  pressure  in  the  main 
passageway  of  a  connected  chamber  storage  site  oould  be  in  the 
order  of  10  MPa  (100  bar)  with  a  duration  of  seconds.  In 
order  to  prevent  propagation  of  detonation  from  one  ohamber 
to  the  other  it  was  necessary  to  protect  each  individual 
chamber  with  blast  doors  aucs.  blast  valves.  Such  doors  and 
valves  were  designed  and  tested  and  are  now  standard  elements. 
Some  sketches  of  the  design  and  some  test  results  are  shown 
in  figure  2  to  6. 

The  blast  propagation  outside  the  tunnel  system  was  also 
investigated  using  steel  models  and  small  "full  scale"  sites. 
Some  of  the  exit  geometries  investigated  are  shown  in  figure  7 
/3/.  The  directivity  of  the  emerging  blast  valve  is  depend¬ 
ent  on  the  detailed  geometry  of  the  tunnel  exit  and  the 
terrain  close  to  the  exit.  Some  results  are  shown  in  figure  8. 

As  mentioned  earlier,  the  proof  test  of  the  Klotz  was  carried 
out  In  1973  / 4/ .  The  result  from  the  blast  propagation  out- 


aid©  the  tunnel  system  is  shown  in  figure  9. 

Model  tests  of  underground  storage  sites  have  also  been 
carried  out  by  Ernst -Mach- Institute .  Results  from  one  of  the 
tests  /5 /  are  shown  in  fig  10.  The  difference  in  real  estate 
requirements  for  an  above  ground  site  and  an  underground  site 
with  a  dosing  devioe  is  dearly  demonstrated. 

Based  on  data  available  up  to  1974  the  NDCS  proposed  the 
following  equation  for  the  calculation  of  the  50  mbar  distance 
(d)  outside  an  underground  site  with  one  main  passageway  and 
idealized  terrain  around  the  exit: 

d/D  -  F  •  po0'  67  [m,  bar] 

D  *  Diameter  (m)  of  the  main  passageway 

pQ  =  Gas  pressure  (bar)  in  the  main  passageway  dose 
to  the  exit 

F  »  Directivity  factor.  In  the  0°  direction  F  was 
proposed  to  he  18.  F  for  other  directions  can  be 
found  from  figure  8. 

Similar  equations  have  been  proposed  by  others. 

Although  the  possibility  to  calculate  the  blast  propagation 
in  tunnel  systems  and  outside  has  improved  over  the  last 
years,  it  must  be  admitted  that  the  accuracy  of  such  calcu¬ 
lations  cannot  be  compared  with  the  accuracy  of  predicting 
the  blast  propagation  from  charges  detonated  in  the  open. 

This  is  especially  true  for  complex  geometries.  Today  model 
teste  are  the  only  feasible  way  to  get  reasonably  accurate 
results  for  such  geometries. 


PRESENT  ACTIVITIES 


The  Klotz-club  has  oome  to  tha  oonolualon  that  the  lack  of 
reliable  quantitative  data  on  fragment  and  debris  hazards 
caused  by  accidental  explosions  in  above  and  underground  maga¬ 
zines  is  the  most  serious  safety  problem  for  the  time  being. 
Other  bodies  seem  to  have  oome  to  the  same  oonolusion  and 
many  papers  at  this  seminar  addresses  this  problem.  The  only 
real  Clotz- club  project  today  is  a  Joint  Swedish-Horwegiaa  trial 
dealing  with  the  initial  velocity  of  the  overburden  of  under¬ 
ground  magazines  in  the  event  of  an  explosion. 

At  the  seventeenth  explosives  safety  seminar  (1976),  Mr 
A  D  Rook  Waterway  Experiment  Station,  presented  a  paper  /6/ 
entitled  "Corrolatition  of  quantity-distance  and  weapon- 
effects  debris  hazards  for  underground  explosions'*.  He 
found  that  the  "safe”  distances  differed  by  a  factor  of  ten 
or  more  for  the  restricted  cases  on  whioh  loading  densities 

T 

were  about  1500  kg/nr  (Tamped  charges).  This  difference  is 
partly  attributable  to  differences  in  scaling  exponents. 

The  exponent  0.41  is  used  for  underground  ammunition  maga¬ 
zines  (NATO)  and  0.166  for  weapon-effects  research.  Figure  4 
from  Rook's  paper  is  reproduced  here  as  figure  11.  Mr  Rook 
also  states  in  his  paper:  "Techniques  of  evaluating  ejecta 
distribution  from  weapon  employment  sure  fast  approaching  the 
point  where  hazards  can  be  expressed  in  terms  of  strike 
probabilities  and  associated  damage  levels  for  various  size 
particles".  The  goal  should  be  to  reach  that  level  of  per¬ 
fection  also  for  underground  ammunition  magazines  where  the 
loading  densities  are  1 / 1 0  to  1/100  of  that  for  weapon  em¬ 
ployments.  Due  to  the  much  lower  loading  densities  the  initi¬ 
al  velocities  will  be  much  lower  for  underground  magazines 
than  for  weapon  employments.  Initial  velocities  for  differ¬ 
ent  scaled  dephts  and  loading  densities  are  presented  in 
figure  12.  These  are  preliminary  data. 
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HOW  SHOULD  AH  UNDBRGROUHD 
STORAGE  SITE  LOOK? 

. Tor  all  ammunition  storage  sites  the  following  aspects  are 
crucial  and  should  he  given  due  consideration: 

.  Operational  requirements 
.  Safety  requirements 
.  Cost 

Operational  requirements  are  many: 

•  Location 

*  Storage  capacity 

.  Transfer  capacity 

.  Handling  equipment  -  size  and  weight 
.  Protection  against  enemy  weapons 
.  Ready  to  use  requirements 
.  Intruder/sabotage  protection 
.  Ease  of  inspection  and  maintenance 

The  aim  of  safety  efforts  are  to  protect  people  and  property. 
If  the  frequency  of  undesired  events  are  sufficiently  low  and/ 
or  the  consequences  in  case  of  an  event  are  small,  then  all 
safety  objectives  are  met.  The  following  aspects  should  be 
given  consideration: 

.  The  ammunition  should  be  protected  from  all  undesired 
external  effects. 

.  Humidity  and  temperature  should  be  within  certain  limits. 

.  Handling  conditions  should  be  good. 
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.  Maintenance  personnel  should  be  carefully  selected,  train¬ 
ed  and  controlled. 

.  The  ammunition  should  be  proteoted  against  actions  by  third 
parties. 

.  Ammunition  sites  should  be  located  in  suoh  a  way  that  the 
consequences  in  case  of  an  accident  are  tolerable. 

The  following  should  be  included  in  the  cost  figures: 

.  Capital  cost 

.  Maintenance  cost,  facility  and  ammunition 
.  Real  estate  cost 
.  Running  cost 
.  Safeguarding  cost 

A  sketch  of  an  underground  single  chamber  storage  site  is  shown 
in  figure  13a  and  13b. 

In  order  to  reduce  blast  and  debris,  the  loading  density  should 
be  kept  as  low  as  possible.  This  can  be  obtained  by  mixing 
different  compatibility  groups  and  haaard  classes  in  each  chamber 
instead  of  putting  all  mass  detonating  ammunition  in  one  chamber. 
Modern  handling  equipment,  large  weapons  and  containers  require 
large  doors.  This  requirement  prevents  the  use  of  multiple 
chamber  storage  sites  because  of  the  technical  difficulties  and 
cost  of  designing  large  blast  doors  (100  bar).  The  chamber  A 
serves  as  a  blast  and  fragment  trap  in  case  of  an  accidental 
explosion  and  likewise  if  an  enemy  succeeds  to  guide  a  missile 
into  the  main  passageway.  Conditions  for  handling  operations 
(loading  and  unloading)  in  chamber  A  can  also  be  made  excellent, 
protected  from  adverse  weather  conditions  and  enemy  actions. 

The  real  estate  requirement  determined  by  the  quantity 
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distances  can  within  wide  limits  be  controlled  by  structural 
means  -  fast  acting  closing  device,  volume  of  ahamber  A,  con¬ 
strictions,  barrloades,  etc. 

The  quantity  distances  according  to  NATO  AC/258-D/258,  for 
an  underground  site  as  sketched  in  figure  13,  are  shown  in 
figure  14.  The  fast  acting  closing  device  is  disregarded. 

The  AC/258-D/258  distances  are  only  valid  for  a  loading 
density  of  100  kg/m^.  Distances  based  on  other  proposals 
or  regulations  are  shown  in  table  I. 

AC/258-D/258  states  the  following  in  para  234: 

"Considering  all  possible  variations  in  the  layout  and 
terrain  conditions  from  site  to  site,  it  is  felt  to  be 
quite  impossible  to  present  fixed  figures  for  quantity- 
distances  based  on  the  blast  overpressure  originating 
from  exit  tunnels  and  ventilation  shafts.  It  is  therefore 
recommended  that  model  tests  be  conducted  to  determine 
these  distances  and  the  effectiveness  of  any  blast  traps 
and  barricades  provided  at  a  particular  underground 
storage  site." 

The  cost  per  unit  usable  floor  area  for  an  underground  site 
is  strongly  dependent  on  the  size  of  the  storage  chamber. 

For  small  chambers  (<  500  m4-)  the  unit  cost  for  an  underground 
site  is  often  higher  than  for  earth  covered  iglooa. 

For  large  chambers  the  situation  changes  to  the  opposite. 
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Appendix  A 


1.  1966 

2.  1967-1968 

3.  1968-1969 

4.  May  1970 

5.  17  December 
1970 


6.  26-27  May 
1971 


7.  Aug  1971 


HISTORICAL  EVENTS 

A  fast  acting  closing  device  for  underground 
ammunition  magazine  is  proposed  during  a  meeting 
in  Ziirich  between  the  Norwegian  Defence  Construc¬ 
tion  Service  and  Basler  4  Hofmann. 

Theoretical  work/feasibility  studies  carried  out 
by  Easier  ft  Hofmann. 

Experiments  with  models  of  a  concrete  block  - 
Klotz  -  closing  device  and  proof  testing  of 
100  bar  blast  valves  carried  out  by  the  Norwegian 
Defence  Construction  Service. 

Meeting  in  Ziirich  between  Gruppe  filr  Riistungs- 
dienste,  Basler  ft  Hofmann  and  the  Norwegian 
Defence  Construction  Service.  Results  from  theo¬ 
retical  studies  and  model  tests  are  discussed. 

Meeting  in  Bern  between  Gruppe  fUr  Riistungsdienstev 
Basler  ft  Hofmann  and  the  Norwegian  Defence  Con¬ 
struction  Service.  Design  and  proof  testing  of  a 
full  scale  closing  device  is  discussed. 

Past  acting  closing  device  (Klotz)  presented  at 
a  conference  in  Koblenz  organized  by  Bundesamt 
fUr  Wehrtechnik  und  Beschaffung. 

Meeting  in  Oslo  between  Basler  ft  Hofmann  and  the 
Norwegian  Defence  Construction  Service.  Results 
from  testing  of  100  bar  blast  doors  are  presented. 
Plans  for  proof  testing  of  the  Klotz  are  discussed. 
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8.  Nov  1971  Meeting  in  ZUrich  between  representatives  from 

Schweitz,  Sverige,  Bundesrepublik  Deutschland 
and  Norge. 

9.  March  1972  Meeting  in  Stockholm  between  representatives 

from  Sverige,  Schweitz,  Bundesrepublik  Deutsch¬ 
land  and  Norge.  Agreement  is  reached  to  carry 
out  a  full  scale  proof  test  of  the  Klotz  in 
Sverige. 


10.  23  May  1973  Klotz- test  conducted  in  Alvdalen,  Sverige,  by 

the  Royal  Administration  of  Fortification. 

11.  4  Nov  1974  Meeting  in  Freiburg,  Breisgau.  Participation 

from  Sverige,  Schweitz,  Bundesrepublik  Deutsch¬ 
land  and  Norge.  Results  from  proof  test  and  the 
need  for  further  testing  are  discussed. 

12.  4  Nov  1975  Meeting  in  Stockholm.  Participation  from  Sverige* 

Schweitz,  Bundesrepublik  Deutschland  and  Norge. 

It  is  decided  to  "stay  together"  and  coordinate 
research  projects  related  to  the  storage  of 
ammunition.  The  Klotz- club  is  borne. 


13.  December  Klotz- club  meeting  in  Thun.  The  sign  of  the 

Klotz- club  is  adopted  (The  flags  of  the  four 
countries  arranged  within  the  boundaries  of  the 
Klotz  seen  from  above). 


14.  September  Klotz- club  meeting  in  Oslo.  Representatives  from 
1 977 

the  United  Kingdom  and  the  United  States  are  in¬ 
vited  to  attend  the  meeting.  The  United  Kingdom 
becomes  a  member  of  the  KLotz-club  and  the 
United  States  an  observer. 


15.  November  1973  Klotz-club  meeting  in  Bonn. 

16.  October  1979  Klotz-club  meeting  in  London.  Ihis  meeting 

was  arranged  more  like  an  explosive  safety 
seminar.  It  was  discussed  if  explosives 
safety  seminars,  similar  to  those  sponsored 
by  the  Department  of  Defense  Explosives 
Safety  Board,  should  be  held  in  Europe. 
Although  travel  funds  limits  the  number  of 
attendees  from  Europe  at  the  DODESB  Explo¬ 
sives  Safety  Seminars,  it  was  not  found  cost 
effective  to  compete  with  the  existing 
seminars.  It  was  therefore  agreed  that  the 
Klotz-club  should  focus  on  technical  informa¬ 
tion  and  trial  planning  exchange.  This 
should  he  achieved  by  a  yearly  meeting 
between  a  few  technical  representatives 
from  the  member  nations . 

17.  October  1980  Klotz-club  meeting  in  Bern.  Terms  of  refer¬ 

ence  for  the  Klotz-club  proposed  by  UK 
approved. 

18.  October  1981  Klotz-club  meeting  in  Stockholm. 


KL0TZ-CLU6  -  Terms  of  Reference 


nhe  Club  originated  In  the  collaboration  between  the  Federal  Republic 
of  Germany,  Norway,  Sweden  and  Switzerland  to  evaluate  the  potential  of 
a  new  method  of  limiting  the  external  hazard  from  an  explosion  In 
underground  explosive  storage  facilities,  From  the  original  collabo- 
'^TSTTon  an  informal  technfMi  Tnfortnati on  exchange  and  collaboration  has 
grown  up  between  the  original  participants  and  the  UK,  together  with 
the  US  Department  of  Defence  Explosives  Safety  Board  as  an  observer. 

^  The  aim  of  the  Club  is  to  obtain  an  effective  information  exchange  bet¬ 


ween  technical  representatives  of  the  member  nations  meeting  together 
from  time  to  time  to  exchange  Information  on  explosives  trials  and  acci¬ 
dent  data,  and  their  interpretation  and  application.  This  will  achieve 
— T Wetter  uTTT liatlOfTof^esources  in  areas  of  mutual  interest  involving 
explosives  in  storage,  processing  and  transport  activitires. 

3.  Once  a  new  programme  of  work  is  envisaged  by  a  member  nation,  then  this 
may  be  presented  to  the  other  members  of  the  Club  for  comment,  so  that 
they  may  see  where  the  new  work  would-provide  information  of  value  to 
the  various  national  programmes.  By  this  technical  information  and  plan¬ 
ning  exchange  the  duplication  of  effort  in  the  various  national  programmes 
will  be  avoided.  In  addition  the  time  scale  as  well  as  the  cost  of  the 
national  programmes  of  explosives  safety  can  be  reduced.  This  passive 
exchange  of  information  would  be  envisaged  as  sometimes  leading  to  act¬ 
ive  collaboration  between  members  of  the  Club  on  specific  investiga¬ 
tions,  such  as  the  original  “Klotz"  demonstration  in  Sweden. 

4>  The  current  areas  of  particular  interest  between  the  members  are: 


t  (I)  Explosives  Quantity  Distance  data  and  prescriptions  as 

"*  applied  to  manufacture  and  storagj>_» 

^-~±(£lLi)  Structural  responseto  both  internal  and  external  explosions, 
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Duration  of  gas  pressure  In  chambers 


Charge  :  TNT 

Loading  density  :  50  kg/m9 
Vent,  area  :  10  m2 
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Figure  3 
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** 

Directivity  factor 

O 

The  Most  field  about 
the  muzzle  of  gum. 


tube  trials 
7  mbar,  tube 
opening  in  free  air. 


del  twts. 

SO  mbar  and  10  mbar. 

Stop*  of  hillside  :  X)' 


Big  scale  trials. 

80  mbar, 

Slope  of  hillside  :  HO-XJ* 


Figure  8 


Big  scale  trial .  model  test 
5  mbar  to  50  mbar. 
Slope  cf  the  hillside  :  20* 


. . . .  .wwnwAjl 


[IP 


Model  test  results.  Distance  of  the  50  mbar-  _  .  , 

- Nto  on  i 

Isobar .  Storage  site  with  block  closing  device 


Planview  Blast  and  ground  shock  distances. 
Storage  aite  with  block  closing  device 

Figure  10 
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HEIGHT—  |- — "-DEPTH 

■  SCALED  HEIGHT/ DEPTH  OF  BURST,  FT/LB1'3 

Envelopes  of  maximum  ejecta  ranges  from  weapons  effects  tests  (reference  3) 


kg/m3  (  "  tamped”) 

-  -  Walt  debris  velocities 
from  aboveground 
magazines  (concrete) 
(Basler  &  Hofmann  1980) 

Essex  I 
“»Q00  kg 

1 

^0.01  kg 

*  Pre  Gcndola 
'  2D  000  kg 

8  9  ic r  2 

Figure  12 
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Flgurs  13b 

Underground  Storage  Magazine 
for  Ammunition  and  Mater  iel 


1  Constriction  4m  x  4m  (trailer) 

2  Debris  &  PGM  barricade 

3  Light  steel  door  (intruder  alarm) 

4  Arch  shaped  concrete  door  4m  x  4m 
(intruder  alarm) 

5  Plow  shaped  concrete  door  (4,5m  x  4,5m) 

6  Fragment  trap  PGM  warhead  and 
warheads  fired  by  saboteurs. 

A  18m  x  30m  A-IOOm2. 

Blast  &  fragment  trap, accidental  explosions 
Loading  &  unloading. 

Inspection  &  maintenance. 

Blast  trap  PG  missiles. 

B  18m  x  150m,A—100m2  .Storage  magazine 

C  Entrance  tunnel  5m  x5m. 

Volumetric  intruder  alarm  between  3  and  4. 

D  Passageway  6m  x5m. 
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MODEL  TESTS  FOR  UNDERGROUND  MWUNITION 
STORAGE  FACILITIES 

Results  from  Joint  Swedish-Norwegian  Tests 
Bengt  E  Vretblad 


Royal  Swedish  Fortifications  Administration 
Eskilstuna,  Sweden 
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BACKGROUND 


Within  Scandinavia  and  In  other  countries  underground  storages  are  used 
extensively  for  Munitions.  As  the  amounts  of  munitions  to  be  stored 
Increase  and  the  storages  as  a  result  from  migrations  tend  to  be  closer 
to  populated  areas  Improved  risk  assessment  Is  necessary. 

Within  the  Klotz-Club  different  efforts  on  evaluating  and  limiting  the 
external  hazards  from  explosions  In  storage  facilities  have  been  made  and 
are  being  made. 

A  pilot  stutty  In  model  scale  to  investigate  the  significance  of  strength 
and  mass  on  the  breakage  of  underground  munition  storages  has  been  started 
in  Norway  and  Sweden.  Norwegian  Defence  Construction  Service  (NDCS)  has 
made  tests  with  "poor  quality  rock"  -  sand  -  and  the  Royal  Swedish 
Fortifications  Administration  (RSFA)  has  been  responsible  for  tests  in 
rock.  The  parameters  studied  were  in  the  two  series  charge  weight  and  cover 
thickness. 


TEST  SPECIMENS 


3 

The  test  series  were  made  in  1/100  with  a  0.002  m  cylindrical  chamber  with 
a  length/diameter  ratio  of  5.  For  charges  Comp  C-4  and  Comp  B  were  used. 

The  charge  weight  varied  between  20  and  200  g  giving  loading  densities 

3 

between  10  and  100  kg/m  .  Scaled  cover  thickness  ranged  between 
1/3 

0.25-1.0  m/kg  ,  For  the  tests  in  sand  the  cylindrical  magazine  was  made 
of  plexiglass. 

The  rock  was  of  good  Swedish  quality  Bohusgranit  free  from  cracks.  The 
dimensions  of  the  granit  blocks  varied  with  cover  thickness.  Minimum 
weight  was  1  t  and  maximum  weight  appr.  3.7  t. 


PERFORMING  OF  THE  TESTS 

Th*  data  from  the  tests  in  sand  are  taken  from  reference  /I/.  In  these 
tests  the  charges  were  placed  in  plexiglass  magazines  and  then  covered 
with  sand.  Behind  the  magazine  and  parallel  1  to  it  a  board  with  a  grid 
net  was  placed  to  facilitate  velocity  measurements  from  high-speed  films. 

In  most  of  the  tests  L/D  for  both  the  charges  and  the  magazines  was 
chosen  to  5.  For  comparisons  tests  with  different  L/D  ratios  were  also 
Included  in  the  series.  The  surface  of  the  sand  was  horisontal  except  for 
the  test  S34-S39  where  It  was  at  a  20°  slope  from  the  axis  through  the 
magazine. 

The  magazine  and  entrance  in  the  rock  tests  were  drilled  into  each  block. 
A  part  of  the  drill  core  was  reinstalled  and  cemented  to  the  granite  at 
the  rear  end  of  the  magazine.  / 

Data  on  the  tests  are  given  in  table  1. 

Figure  1  shows  the  test  set  up  with  the  charge  on  top  of  the  magazine. 
Also  the  rock  tests  were  recorded  with  high-speed  cameras. 


Figure  1.  Test  set  up  with  model  in  granite. 
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Table  1.  Test  data. 


Event 

Q 

Q/V 

d 

W'3 

V 

v/(Q/V) 

no 

kg 

kg/m3 

m 

W/3 

m/s 

m/s/ {kg 

IS 

0,02 

10 

0,27 

1.0 

4,5 

2.5 

2S 

0,10 

50 

0,23 

0.5 

20 

7,5 

3S 

0,04 

20 

0,34 

1.0 

4,8 

2,3 

4S 

0,20 

100 

0,29 

0,5 

22 

7.0 

5S 

0,04 

20 

0,17 

0,5 

16 

6S 

0,02 

10 

0,14 

0.5 

13 

7,3 

7S 

0,20 

100 

0,15 

0,25 

93 

29,4 

35 

0,10 

50 

0,12 

0,25 

80 

30,1 

9S 

0,04 

20 

0,09 

0,25 

50 

23,7 

10S 

0,02 

10 

0,07 

0,25 

40 

22,5 

IIS 

0,10 

50 

0,46 

1.0 

6.2 

2,3 

12S 

0,02 

10 

0,54 

2.0 

2.5 

1,4 

13S 

0,20 

100 

0,58 

1.0 

6,2 

2,0 

14S 

0,04 

20 

0,68 

2,0 

2,7 

1,3 

IBS 

0,10 

50 

0,46 

1,0 

6,1 

2,3 

16S 

0,10 

50 

0,15 

0,32 

46 

17,3 

17S  D 

0,10 

50 

0,15 

0,32 

50 

18,8 

18S  2) 

0,10 

50 

0,15 

0,32 

40 

15,0 

19S  3) 

0,10 

50 

0,24 

0,52 

20 

7,5 

20S  1) 

0,10 

50 

0,24 

0,52 

23 

8,7 

21S  2) 

0,10 

50 

0,24 

0,52 

16 

6,0 

22S  3) 

0,10 

50 

0,34 

0,73 

10 

3,8 

23S  D 

0,10 

50 

0,34 

0,73 

12 

4,5 

24S  2) 

0,10 

50 

0,34 

0,73 

9,0 

3,4 

25S  4) 

0,20 

50 

0,43 

0,73 

9,0 

.  3,4 

26S  4) 

0,20 

50 

0,30 

0,52 

23 

8,7 

27S  S) 

0,05 

50 

0,27 

0,73 

12 

4,5 

28S  6) 

0,02 

50 

0,20 

0,73 

12 

4,5 

295  4) 

0,20 

50 

0,19 

0,32 

50 

18,8 

30S  5  ) 

0,05 

50 

0,19 

0,52 

23 

8,7 

31S  6) 

0,02 

50 

0,14 

0,52 

24 

9,0 

32$  5) 

0,05 

50 

0,12 

0,32 

42 

15,8 

33$  6) 

0,02 

50 

0,09 

0,32 

40 

15,0 

34$  7) 

0,10 

50 

0,12 

0,25 

55 

20,7 

35$  7) 

0,20 

100 

0,15 

0,25 

90 

28,5 

36S7) 

0,04 

20 

0,17 

0,50 

14 

6,8 

37S  7 ) 

0,10 

50 

0,23 

0,50 

17 

6,7 

38$  7) 

0,02 

10 

0,27 

1,0 

3.9 

2,2 

39$  7) 

0,04 

20 

0,34 

1.0 

4,6 

2,2 

1R 

0,04 

20 

0,16 

0,47 

12 

5,7 

2R 

0,02 

10 

0,16 

0,59 

0 

0 

3R 

0,20 

100 

0,16 

0,27 

60 

19 

4R 

0,10 

50 

0,16 

0,34 

40 

15 

7R 

0,10 

50 

0,21 

0,45 

22 

8,3 

8R 

0,02 

10 

0,10 

0,37 

0 

0 

9R 

0,04 

20 

0,10 

0,29 

21 

9,9 

10R 

0,10 

50 

0,31 

0,67 

9 

3,4 

11R 

0,04 

20 

0,23 

0,67 

0 

0 

12R 

0,02 

10 

0,08 

0,29 

0 

0 

15R 

0,20 

100 

0,34 

0,58 

15 

4,7 

16R 

0,20 

100 

0,26 

0,44 

30 

9,5 

17R 

0,20 

100 

0,42 

0,72 

9 

2,8 

Cj 


Notes 

$  Indicates  test  In  sand 
R  Indicates  test  In  rock 
L/D  &  5  for  charge  and  magazine  except: 

1)  L/D  =  25  for  the  charge 

2)  L/D  ~  1  for  the  charge 

3)  L/D  »  5  for  the  charge 

4)  L/D  «  10  for  charge  and  magazine 

5)  L/D  =  2,5  for  charge  and  magazine 

6)  L/D  =  1  for  charge  and  magazine 

7)  Upper  surface  20°  from  horisontal 
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TEST  RESULTS 


Data  from  the  tests  In  sand  and  corresponding  tests  In  granite  are  found  in 
figure  2.  From  studies  of  these  data  can  be  concluded  that  for  lower  loading 
densities  the  results  from  the  two  test  series  differ  considerably. 

Obviously  the  strength  of  the  sand/rock  material  dominates  over  inertial 
effects.  As  can  be  expected,  however,  with  increasing  loading  densities  the 
differences  between  the  data  from  the  two  test  series  can  be  explained  by 
differences  in  material  density  ('v-  1800  kg/m  for  sand;  ^  2600  kg/m  for 
granite) . 

The  scaling  technique  used  in  the  test  are  discussed  in  reference  /3/  and 
/  4/ . 

A  relationship  v/ (Q/V )° * 25  =  c(d/Q^3)~n  can  be  found  from  the  tests.  For 
sand  a  least-square  fit  gives  C  =  2.07  and  n  =  -1.90.  For  rock  the  values 
are  C  =  1.56  and  n  =  -2.03.  In  order  to  investigate  the  sensitivity  of 
the  data  a  slope  angle  of  20°  and  different  L/D  ratios  for  charge  and 
magazine  were  included  in  the  test  series  with  sand. 

The  results  from  the  tests  with  a  non-horisontal  upper  surface  are  given 
in  figure  2.  The  slope  angle  does  not  seem  to  influence  the  scaled 
velocity  to  a  high  extent. 

Variations  in  L/D  for  charge  and  magazine  are  shown  as  type  1-6  in  figure 
3.  Velocity  data  are  given  in  figure  4.  The  differences  between  the 
velocities  for  the  geometries  investigated  are  minor. 

Even  with  a  model  in  small  scale  the  size  of  the  rock  block  might  be 
considerable.  Handling  equipment  set  limits  for  maximum  block  size  for 
the  granite  tests.  In  order  to  decrease  the  influence  of  relations  in  the 
side  walls  of  the  blocks  sand  was  packed  against  these.  The  difference  in 
impedance  between  rock  and  granite  could  not  be  avoided  however.  In  some 
of  the  tests  cracking  of  the  whole  granite  block  took  place,  see  figure  5. 

As  the  overpressure  from  the  detonation  could  not  escape  easily  in  other 
directions  it  should  not  influence  the  initial  debris  velocity.  The  com¬ 
parison  between  tests  in  sand  and  granite  support  this  conclusion. 

The  tests  indicated  that  for  applications  with  higher  loading  densities 
tests  in  sand  might  give  a  good  estimate  of  the  behavior  in  rock  what 
comes  to  initial  velocity.  Continued  sand  tests  with  different  slopes  of 
the  ground  are  planned. 
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Tests  In  larger  scales  also  are  necessary. 

It  should  be  pointed  out  that  maximum  range  for  debris  is  depending  not 
only  on  initial  velocity  but  also  among  other  things  on  initial  direction 
of  movement  and  air  resistance. 

These  data  can  not  directly  be  taken  from  tests  in  sand  to  be  used  for  rock 
material.  ‘ 


m/u// 


1  *1 - - - 1 - 1 - 1 — r-r-r-i 

0.1  02  04  0.6  0.8  1  2  d/CT3 

[m/kg^ 


Figure  4a.  Scaled  velocity  vs  scaled  cover  thickness  for  different  L/D 
ratios.  Tests  in  sand. 


The  paper  gives  data  on  model  tests  (scale  1:100)  In  weak  rock  (sand)  and 
hard  ^cjutgaanlte)  made  In  Norway  and  Sweden.  Scale  depths  up  to 
1  m  •  kg’^  and  loading  densities  up  to  100  kg/m^were  tested. 

For  higher  loading  densities  the  tests  In  sand  and  granite  gave  conclusive 
results  eg  mass  rather  than  strength  Is  relevant,  for  debris  velocities. 

Scaled  maximum  velocity  Is  given  as  a  function  of  scaled  depth.  From  this 
maximum  velocity  debris  range  can  be  calculated. 


Variation  of  L/D  ratios  for  the  charge  had  minor  Influence 
velocity  within  Investigated  range. — - 

Additional  tests  at  a  larger  scale  areNplanned  to  validate 


on  maximum 

data. 
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A  ssrisa  of  trial*  using  V^th  linear  aoal#  Models  of  buried 
atagsslnes  have  bean  carried  out  to  determine  the  distance  at  which  on 
air-bloat  peek  overpressure  of  30  ab,  noraally  identified  with  the 
Inhabited  Building  Distance,  would  be  produoed  on  detonation  of  the 
stored  explosive.  This  paper  presents  the  Methods  by  which  the 
■agasines  and  explosives  stores  were  modelled  and  sumoarisee  the 
results  obtainsd  by  investigating  both  structural  and  ovarstrong  Models. 

The  paper  concludes  that  the  30  ab  overpressure  region  occurs  at 
s  eaximua  distance  of  6  QJ  for  a  structural  modal  and  16  QT  for  an 
ovarstrong  model,  where  Q  is  the  weight  of  explosives  in  kilogrwsmes. 

This  is  in  a  direct  line  with  the  adit  from  the  magar.ine  and  is 
considerably  lower  than  the  EETC  prescribed  distance  of  30  QJ. 

INTRODUCTION 

i 

yhen  queries  are  posed  concc^rning  explosives  quantity  limits  or 
the  suitability  of  buildings  to  store  explosives,  it  is  very  seldom 
possible,  on  practical  or  economic  grounds,  to  carry  out  full  scale  trial 
to  provide  the  experimental  information  with  which  to  answer  such  queries. 
Since  this  information  is  often  essential  and  always  desirable  the  only 
way  to  obtuin  such  data  is  to  design  and  construct  a  model  of  the  building 
having  the  appropriate  scale  strength  and  to  carry  out  an  explosive 
detonation  trial  on  this  model  structure. 

It  is  also  a  most  useful  method  of  establishing  the  explosive  limits 
which  can  be  applied  to  existing  structures,  particularly  when  the 
proposed  use  for  the  structures  is  different  from  the  original  design 
concept. 

The  Atomic  Weapons  Research  Establishment  at  Foulness,  Essex,  England 
hn3,  over  many  ye«r3,  developed  a  considerable  expertise  in  the  field  of 
designing  and  testing  model  structures.  Its  range  of  interest  has  covered 
such  diverse  situations  no  accidents  in  nuclear  power  stations  and 
detonations  in  explosive  storage  and  process  buildings. 

The  paper  is  on  account  of  a  model  trial  carried  out  to  determine  the 
explosive  storage  capacity  of  existing  underground  magazines  at  a  UK  Service 
site.  The  presence  of  residential  ureas  and  public  traffic  routes  very 
severely  limit  the  storage  capacity  of  these  magazines  if  the  normal  buried 
magazines  storage  rules  are  used.  These  experiments  were  carried  out  to  see 
if  strict  application  of  the  rules  (which  are  known  to  err  on  the  side  of 
safety)  were  justified  in  this  particular  case. 


DESCRIPTION  OF  MAGAZINES 


Ths  existing  magazines  oowpriee  a  rectangular  shaped  chamber  with 
0.69a  (2ft  3in)  thick  concrete  walla,  tha  aid*  walla  being  unreinforced  and 
4.98a  (16ft  4ia)  high,  while  the  end  valla  are  reinforced  with  steel  bar*. 
The  walla  are  surmounted  by  a  layered  Engineering  brick  roof  of  parabolic 
cross-sectional  shape  3  brick*  thick  (4ft).  This  chaaber  is  lined  with  a 
1l4na  (44in)  thick  brickwork  lining  which  is  atood-off  from  the  concrete 
walla  by  a  distance  of  0.42a  (1ft  4Jln)«  Thera  are  two  types  of  aagaalnas 
with  different  lengths  of  useful  storage  chaaber ,  these  being  a  34.7* 
(114ft)  "singlev,  magazine  and  a  78.3*  (257ft)  "double*'  magazine.  Access 
is  gained  through  one  and  wall  of  a'  chamber  vis  a  winding  tunnel  or  adit 
of  not  lees  than  47*  (154ft)  or  greater  than  190m  (622ft)  in  length,  sad 
of  a  similar  construction  and  cross-sectional  shape  to  that  of  the  chamber. 
Each  magazine  ia  covered  with  a  natural  deposit  of  earth  at  least 
15«2m  (50ft)  thick  rising  to  around  6lm  (200ft)  thick.  Table  1  summarises 
the  magazine  descriptions.  Figure 1A  is  n  diagrammatic  representation. 

TABLE  1 


Single  Magazines 

Double  Magazines 

Access 

Tunnel 

To  Outer 
Walls 

To  Inner 
Walls 

To  Outer 
Walls 

To  Inner 
Walls 

'rose-sectional 

Area 

sq.  metres 
sq.  feet 

80 

860 

74 

795 

80 

860 

74 

795 

8.2 

88.5 

Length 

metres 

feet 

35.7 

117 

34.7 

114 

79.2 

260 

78.3 

257 

47-190 

154-622 

Volume 

cubic  metres 
cubic  feet 

2860 

101,000 

2560 

90,600 

6340 

224,000 

5790 

204,300 

390  to 

1280 

13,600  to 
55,ooo 

The  current  net  explosive  content  of  a  double  magazine  depends  on 
the  type  of  weapon  stored  therein,  which  may  be  either  28,000  kg, 
58,000  kg  or  72,000  kg.  These  result  in  loading  densities  of  4.4,  9.1 
and  11.4  kg/m?  when  assumed  to  be  contained  within  a  volume  of  6340m?. 
If  the  effective  volume  is  taken  to  be  only  5790m?  then  the  loading 
densities  become  4.8,  10.0  and  12.4  kg/m?. 


HOatLLXWO  MBSHNIQqK 

Th*  cawpoaltioa,  strength  and  thioknasa  of  th*  Mgasln*  c  wrbvntoh 
has  not  baan  da tana  load,  and  btoaun  it  would  b*  difficult  to  aimulata 
this  in  aodol  aoais  trial*,  it  is  ths  adopted  practice  at  AWRK  toi 

a.  Carry  out  at  Isaet  thrs*  toots  in  an  ova ret rang  nodal  capable 
of  withstanding  an  internal  explosion  without  fracture,  thereby 
allowing  the  blast  to  be  expelled  aolaly  through  the  adit  to  produoe 
an  unrelieved  air-blast  pressure  field. 

b.  Produce  and  test  one  structurally  accurate  model  with  a 
cohesionless  sand  overburden  which,  on  expansion  and  possible 
cratering,  affords  relief  to  the  adit  emergent  blast.  As  gravi¬ 
tational  forces  cannot  be  soaled,  although  the  inertia  is  correctly 
scaled,  relief  through  the  overburden  is  somewhat  increased. 

The  behaviour  of  a  model  in  a  scaled  experiment  should  be  similar  to 
that  of  its  full-scale  prototype  when  subjected  to  the  full  scale  environ¬ 
ment.  The  model  should  therefore  possess  the  essential  features  and 
physical  properties  of  the  prototype.  In  deciding  the  scale  to  which 
models  should  be  built,  the  following  factors  should  be  taken  into  account: 

a.  Accuracy  of  response  of  the  structure. 

b.  Minimum  dimensions  and  tolerance  of  the  structural  sections 
that  can  be  produced  having  the  correct  Beale  strength. 

c.  Details  necessary  for  inclusion  to  make  test  viable. 

d.  Cost  of  production  and  testing. 

e.  Available  manufacturing  and  testing  facilities. 

The  first  three  factors  favour  a  large  model  and  the  others  a  small  model. 
After  consideration  of  these  factors,  a  structural  model  scale  of  1/24th 
was  chosen. 

The  overstrong  model  was  manufactured  from  a  440  mm  bore  mild  steel 
pipe,  which  relates  to  a  model  scale  of  1/23.2.  This  pipe  was  sealed  at 
oneQend  with  n  heavy  steel  plate  welded  in  position  through  which  an  offset 
12?  mm  bore  pipe  was  fitted  to  represent  a  scaled  adit  tunnel.  A  heavy 
steel  bolted  flange  and  blank  plate  at  the  other  end  of  the  main  pipe 
enabled  explosive  charges  to  be  loaded.  When  simulating  a  ’double 
magazine'  the  internal  length  of  the  440  mm  bore  pipe  was  3430  mm  and  was 
half  this  length  when  a  'single  magazine'  was  investigated.  The  simulated 
adit  tunnel,  being  a  straight,  smooth  bore  pipe,  2030  mm  long,  was 
intended  to  represent  the  shortest  existing  magazine  adit,  and  it  was 
readily  recognised  that  its  straightness  and  smoothness  would  reduce  the 
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resistance  to  the  flow  of  explosive  produota,  thus  enhancing  the  air- 
blast  overpressure/dlntanoe  relationship  of  tha  emergent  blast  wars* 
Figuraa  1  and  2  show  tha  actual  construction  of  tha  model* 


The  model  was  situated  in  a  test  environment  comprising  an  array  of 
overpressure  measuring  gauges  aet  in  three  rows,  (see  Figure  2A).  The 
first  row  of  gauges  were  set  in  line  with  th#  axis  of  the  aditDat  distances 
of  ?,  3,  3i,  6  and  12  m,  the  second  row  along  a  line  set  of  45  t0  *{}• 
adit  axis  at  distances  of  l£,  3«  5  and  10  m,  and  the  third  row  at  90 
to  the  adit  axis  at  distances  of  ij,  2?,  4  and  8  m.  As  will  be  seen  in 
Figure  1,  the  model  was  restrained  by  heavy  concrete  blocks. 


The  structural  model  was  a  1/24th  scale  roplica  of  a  prototype 
"double  magazine" *  The  base  and  side  walls  of  the  chambers  and  adit 
were  of  unreinforced  cement  mortar,  while  the  chamber  end  walla  wore 
reinforced  with  steel  wire  having  the  same  cross  sectional  area  as 
that  of  the  prototype.  As  the  strength  of  the  concrete  within  the 
prototype  was  unknown,  it  was  considered  likely  that  such  concrete 
would  be  of  40.8  to  47.6  MPa  (6000  to  7000  psi)  compressive  strength 
therefore,  the  cement  mortar  used  in  the  model  had  a  compressive 
strength  of  41.7  MPa,  with  a  standard  deviation  of  IMPa  (61J0  psi, 
standard  deviation  150  psi)  at  the  time  of  the  test.  Past  work  on  the 
study  of  blast  effects  on  model  scale  brickwork  has  shown  that  such 
brickwork  may  be  simulated  by  either  a  "gap  graded"  or  "single 
particle  size'  sand/cement  mortar,  and  that  Engineering  bricks  have  a 
strength  of  not  less  than  68  MPa  or  47.6  MPa  (10,000  psi  or  7,000  psi) 
according  to  grade.  It  was  therefore  decided  to  simulate  the 
prototype  layered  Engineering  brickwork  roofs  with  a  single  particle 
(5mm)  sand/cement  mortar  v/hich,  at  the  time  of  the  test,  had  a 
compressive  strength  of  42.9  MPa,  with  a  standard  deviation  of  2.5  MPa 
(6300  psi,  standard  deviation  370  psi).  The  test  arrangement  may  be 
seen  in  Figure  2,  from  which  it  may  be  seen  that  an  overburden  of 
building  sand  was  maintained  over  the  model  at  a  scaled  thickness 
equivalent  of  15.25  m  (50ft)  and  that  the  lateral  boundaries  of  such 
an  overburden  were  contained  within  heavy  concrete  blocks.  A  similar 
array  of  overpressure  measuring  gauges,  as  used  during  the  overstrong 
model  trials,  were  employed. 


Distributed  explosive  charges  were  used  in  all  the  tests  to 
represent  the  distributed  explosive  stores  in  the  magazine.  Thq  charges 
Consisted  of  a  series  of  l63g  cylinders  of  RDX/TNT  (60/40),  each  having 
a  Tetryl  booster  pellet  inset  into  one  end.  Each  cylinder  had  a  hole 
bored  through  its  linear  axis  which  enabled  it  to  be  threaded  on  a 
length  of  Cordtex  detonating  fuse  to  form  the  completed  explosive 
charge.  A  second  length  of  Cordtex  was  affixed  to  the  mid  length  of 
the  Cordtex  passing  through  the  charges,  this  second  length  being 
initiated  at  its  free  end  by  a  single  electric  detonator.  The  charge 
was  situated  within  the  model  so  that  the  centre  of  its  longitudinal 
axis  coincided  with  the  centre  of  the  chamber  cross  sectional  area.  Two 
of  the  charges  used  are  shown  in  Figure  3. 
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The  full  scale  equivalent  charge  weights  investigated  were  as 
follows: - 

Overstrong  'double  magazine'  -  24,  48,  72  tonne 

(26.5,  53.0,  79.5  e  tone). 

Overstrong  'single  magazine'  -  11,  22  tonne 

(12.0,  24.0  s  tons) 

Structural  'double  magazine'  -  80  tonne  (88.0  s  tons) 


RESULTS-. 


Figures  4  to  9  graphically  present  the  results  obtained  during  the 
overstrong  trials  (double  and  single  magazines)  from  which  it  will  be 
seen  that  the  air-blast  overpressure/distance  relationship  is  of  the  form 


P  a  Constant  x 


and  the  pressures  along  the  axis  of  the  adit  are  considerably  higher  than 
in  other  directions.  All  results  have  been  adjusted  to  a  unit  charge 
weight  equivalent  of  1.00  kg  by  the  cube  root  scaling  law. 

Figure  10  shows  two  8  ms  sequences  from  a  cine  recording  of  the 
structural  model  trial  from  which  it  will  be  seen  that  little  discernible 
movement  of  the  overburden  occurs  during  the  first  sequence,  which  starts 
from  the  time  at  which  the  fireball  first  appears  at  the  mouth  of  the 
adit,  which  in  turn  may  be  several  milliseconds  following  detonation. 

Figure  11  presents  the  double  magazine  structural  model  pressure/time 
history  measured  at  5  gauge  points  along  the  zero  degree  axis  at  distances 
from  the  adit  mouth  of  2,  4,  7,  1J,  25  m,  from  which  it  will  be  seen  that 
the  duration  of  the  positive  phase  of  the  blast  wave  is  about  4  ms, 
suggesting  that  the  effective  air-blast  energy  has  been  vented  through  the 
adit  well  before  the  cratering  of  the  overburden.  Figures  12  and  15 
graphically  present  the  acquired  data. 

The  preliminary  conclusions  drawn  from  the  foregoing  trials  are  that 
the  air-blast  overpressure/distance  relationships  for  models  of  the 
existing  magazines  are  as  follows; 


a.  Overstrong  'double  magazine’ 


r,  1160 

0°  *  ^75 


P4503 


P90o= 


b. 


Overstrong  'single  magazine* 


r0° 


2080 

‘7B 


.  830 

P45°*  373 


°--h 


90 


c.  Structural  'double  magazine' 


Vs  -jh 

*90°’ 

1/3 

Where  P  =  overpressure  (millibars),  D  =  distance  (metres/kg  ) 

I’7*- 

To  determine  the  effect  of  any  full  scale  charge  weight 
investigated,  the  above  value  of  D  should  be  multiplied  by  the  cube  root 
value  of  the  charge  weight  (kilogrammes)  required. 


From  the  overpressure/dietance  relationships  for  the  model 
magazines  it  is  possible  to  establish  the  distances  of  the  50  mb 
overpressure  region  in  various  directions  from  the  model  magazines. 


a.  Overstrong  'double  magazine* 


b.  Overstrong  'single  magazine' 


c.  Structural  'double  magazine' 
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Where  D  =  distance  (metres),  Q  «  explosive  quantity  (kg). 

Whilst  the  overpressure  at  a  given  distance  from  the  'double' 
magazine  structural  model  is  approximately  half  that  of  the  overstrong 
model  (and  a  similar  ratio  would  be  expected  for  the  'single'  magazine), 
it  should  be  borne  in  mind  that  the  cohesionless  overburden  of  the 
'structural'  model  did  not  completely  represent  either  the  physical 
strength  or  the  normal  gravitational  field  of  the  prototype.  Although  these 
effects  are  thought  to  be  small ,  the  'overstrong'  model  results  should  be 
used  to  give  the  most  'conservative'  inhabited  building  distances. 

The  model  trials  should  not  be  used  to  determine  the  precise  distribution 
and  distance  of  debris  which  may  be  ejected  from  an  explosion  within  the 
prototype  magazine,  nor  did  the  trials  produce  data  on  the  magnitude  of 
ground-shock. 
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ADIT  AXIS 
GAUGE  LINE 


FIGURE  2A  GAUGE  LINE  POSITIONS 


28.000kg  SCALED  CHARGE 
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72.C0Ckg  SCALED  CHARGE 

FIGURE  3.  DOUBLE  MAGAZINE  'SCALED  CHARGES' 
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A  SURVEY  OF  MODELS  FOR  PREDICTING  THE  3R0UNDSH0CK  OF  ACCIDENTAL 
EXPLOSIONS  IN  UNDERGROUND  STORAGE  FACILITIES 
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Hans  A.  Merz,  M.ASCE  /  SIA 
Ernst  Basler  &  Partners 
Consulting  Engineers  and  Planners 
Zurich,  Switzerland 


ABSTRACT 


Hhe  reliable  assessment  of  groundshock  effects  from  accidental  explosions  in 
underground  storage  magazines  has  become  increasingly  important  in  Switzerland. 
In  order  to  **»«  app^  ^Mllty  of  existing  groundshock  prediction  models, 

a  comparison  .  dels  wii  pertu^w! ,  Though  each  of  the- ini/estigated  mo¬ 

dels  is  based  on  the  valuation  of  actual  o.?asr~“ments,  considerable  and  so  far 
inexplicable  differences  have  been  found,  for  th..  f.:»son,  a  new  and  more  genera 
model  based  on  all  available  data  is  required.  The  nvci  gation  and  comparison 
of  groundshock  damage  relationships  has  shown  equally  large  vergencies.  A  new 
assessment  of  this  problem  Is  therefore  necessary.^^ 


Paper  presented  to 

Twentieth  Explosives  Safety  Seminar,  24  -  26  August  1982 
The  Omni  Hotel,  Norfolk,  Virginia,  USA 


**»/• 


INTRODUCTION 


In  Switzerland,  considerable  part  of  the  ammunition  Is  stored  In  underground 
magazines  In  rock.  The  prediction  of  the  effects  of  accidental  explosions  In 
such  magazines  is,  therefore,  of  great  Importance.  This  Importance  Is,  further- 
more,  stressed  by  the  fact  that  the  safety  of  ammunition  magazines  Is  generally 
assessed  on  the  basis  of  quantitative  risk  analysis.  In  order  to  predict  the 
damage  from  accidental  explosions  for  each  storage  location,  reliable  data  on 
all  explosion  effects  are  necessary. 

The  groundshock  from  accidental  explosions  which  can  cause  the  collapse  of  near¬ 
by  underground  or  above-ground  structures  or  which  can  induce  rock  and  land 
slides  Is  a  negligible  effect  In  many  cases  of  underground  facilities.  Many  of 
the  existing  storage  facilities  are  situated  at  remote  locations  where  the 
groundshock  will  not  cause  any  significant  damage  to  persons  or  structures. 
However,  for  new  installations  these  explosion  effects  have  become  increasingly 
important. 

New  installations  in  Switzerland  are  normally  equipped  with  a  self-closing  block 
device  at  the  storage  chamber  entrance.  This  particular  safety  measure,  developed 
and  tested  in  collaboration  with  other  European  countries,  will  seal  off  the  stor¬ 
age  chamber  in  case  of  an  explosion  and  retain  the  explosion  products  in  the 
chamber.  In  such  cases,  the  groundshock  is  the  only  significant  effect  felt  in 
the  vicinity  of  the  facility.  Since  this  safety  measure  allows  the  location  of 
storage  facillti^  ir  a  much  more  immediate  proximity  of  inhabited  areas,  a  more 
accurate  assessment  c*  the  groundshock  effects  becomes  necessary. 

As  a  consequence,  a  special  investigation  has  been  started  in  order  to  improve 
the  quantitative  models  for  the  prediction  of  the  groundshock  from  explosions 
in  underground  storage  facilities.  This  paper  discusses  some  of  the  remarkab' 
results  so  far  obtained;  however,  without  going  into  the  details  of  the  models. 
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REQUIREMENTS  FOR  A  MODEL  TO  PREDICT  6R0UN0SH0CK  DAMA8E  IN  RISK  ANALYSIS 


It  Is  a  well-known  fact  that  the  prediction  of  groundshock  damage  from  acci¬ 
dental  explosions  In  underground  storage  facilities  Is  a  complicated  problem 
and  that  a  large  number  of  parameters  may  be  of  Importance.  On  the  other  hand. 
It  Is  an  equally  well-known  fact  that,  In  the  course  of  a  risk  analysis.  It  Is 
usually  not  possible  to  perform  extensive  numerical  analyses  or  to  use  sophlstl 
cated  methods  for  Investigating  the  groundshock  problem.  This  leads  to  the  con¬ 
clusion  that  for  the  purpose  of  risk  analysis  a  simplified  model  for  the  predlc 
tlon  of  groundshock  damage  Is  necessary.  Though  simplified,  the  model  must  satl 
fy  the  following  requirements: 

-  It  should  be  based  on  a  meaningful  physical  explanation  of  the  groundshock 
phenomenon  and  should  consider  all  available  data  on  this  effect. 

-  It  should  take  into  account  all  important  parameters  and  al low  a  physically 
consistent  treatment  of  different  situations. 

-  It  should  predict  the  damage  with  roughly  the  same  accuracy  as  the  damage 
prediction  models  for  other  explosion  effects. 

Based  on  these  requirements,  a  survey  and  a  comparison  of  different  groundshock 
prediction  models  was  performed  with  the  goal  of  finding  or  developing  the  most 
suitable  model  for  the  purpose  of  risk  analysis.  As  it  will  be  shown  later,  a 
number  of  inexplicable  differences  was  noted,  which  finally  lead  to  the  con¬ 
clusion  that  a  new  model  based  on  original  data  of  groundshock  measurements  is 
required. 


SURVEY  AND  COMPARISON  OF  6RQUNDSHOCK  PREDICTION  MODELS 


In  a  somewhat  simplified  way,  all  of  the  models  on  groundshock  prediction  of 
underground  explosions  found  In  the  open  literature  can  be  attributed  to  one  of 
the  four  basic  cases  shown  In  Figure  1.  These  cases  differ  In  the  charge  geome¬ 
try  (spherical  /  stretched)  and  the  ratio  of  chamber  size  to  charge  size  (cou¬ 
pled  /  decoupled)  and  define  the  spectrum  of  the  basic  geometrical  configura¬ 
tions  of  the  problem  of  Interest. 

Based  on  an  assessment  of  all  models  and  Investigations  found  In  the  literature 
for  each  of  the  defined  basic  cases,  four  models  have  been  chosen  for  the  fol- 


lowing  comparison: 

Case  1 : 

Spherical,  coupled  charge: 

Model  by  Westine  (1979) 

Case  2: 

Stretched,  coupled  charge: 

Model  by  Westine  (1979) 

(no  other  model  available) 

Case  3: 

Spherical,  decoupled  charge: 

Model  by  Atchison  (1964) 

Case  \: 

Stretched,  decoupled  charge: 

Models  I  and  II  by  US  Army,  Engineer 
Waterways  Experiment  Station  (1974,  1979) 

In  order  to  investigate  and  compare  the 
different  approaches  were  chosen: 

mutual  consistency  of  the  models,  two 

1.  Overall  comparison  by  reducing  all  models  to  the  case  of  a  spherical,  coupled 
charge 

In  order  to  make  a  comparison  possible,  it  was  necessary  to  slightly  modify 
and  simplify  the  existing  formulas. 

the  results  of  this  investigation  are  shown  in  Figure  2.  The  comparison  de¬ 
monstrates  a  remarkable  coincidence  between  the  models  by  Westine  (spherical) 
and  Atchison,  and  an  equally  remarkable  deviation  between  the  models  by  WES 
and  Westine  (stretched).  Though  this  type  of  comparison  might  not  be  correct 
in  every  respect,  it  indicates  that  the  models  described  by  Westine  (stretch¬ 
ed)  and  WES  II  -  which,  by  the  way,  are  most  closely  linked  to  the  situation 
of  underground  storages  -  have  a  limited  range  of  validity. 
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2.  Campari  son  of  the  model  parameters 


In  this  approach,  It  has  been  Investigated  how  the  various  parameters  affect 
the  groundshock  Intensity  In  the  different  models.  The  results  of  the  com¬ 
parisons  for  the  influence  of  the  stretching  of  the  charge,  of  the  decou¬ 
pling  (or  loading  density}  and  the  seismic  velocity  of  the  ground  are  shown 
In  Figures  3  to  6.  Without  going  Into  the  details  of  these  diagrams,  It  can 
easily  be  seen  that  there  are  marked  and  hardly  comprehensible  differences 
between  the  various  models.  Seismic  velocity  demonstrates  this  evidently. 
There,  the  extremes  range  from  almost  direct  proportionality  to  almost  In¬ 
verse  proportionality.  These  discrepancies  Indicate  that,  today,  an  overall 
and  general  model  for  the  prediction  of  the  groundshock,  from  which  the 
above-mentioned  cases  can  be  derived.  Is  missing.  Though  all  the  models  are 
strictly  based  on  actual  measurements  of  the  groundshock  and  on  a  scientif¬ 
ically  sound  evaluation  of  the  data,  they  cannot  all  be  used  In  this  form 
for  the  development  of  a  reliable  general  model  for  the  groundshock  predic¬ 
tion. 

These  findings  point  to  the  necessity  of  reconsidering  the  groundshock  problem 
from  scratch.  It  is  our  Intention  to  work  out  a  more  general  groundshock  predic¬ 
tion  model,  based  on  a  model  analysis  and  all  available  data. 


SOME  COMMENTS  ON  GROUNDSHOCK  DAMAGE  RELATIONSHIPS 

For  the  purpose  of  a  risk  analysis,  it  is  not  only  necessary  to  assess  the  in¬ 
tensity  of  the  groundshock,  but  also  the  damage  to  structures  and,  ultimately, 
the  lethality  to  persons. 

With  respect  to  groundshock  damage  relationships,  a  large  number  of  data  from 
various  sources  have  been  compared.  Equally  large  differences  have  been  found 
between  these  data  as  they  were  observed  in  the  groundshock  prediction.  The  rea¬ 
son  for  these  differences  has  been  found  to  be  the  purpose  for  which  specific 
data  were  prepared.  As  an  example,  data  for  commercial  blasting  are  usually  con¬ 
servative  and  intentionally  on  the  safe  side.  For  data  developed  in  connection 
with  weapon  effects,  just  the  opposite  might  be  true.  In  such  cases,  the  damage 


is  usually  underestimated  in  order  to  make  sure  that  a  desired  damage  actually 
occurs. 

The  findings  with  respect  to  groundshock  damage  relationships  also  point  to  the 
need  for  developing  new.  unbiased  criteria  based  on  an  evaluation  of  original 
data  pertaining  to  this  problem. 

CONCLUSIONS 

The  reliable  assessment  of  groundshock  effects  from  accidental  explosions  In 
underground  storage  magazines  has  become  Increasingly  Important  In  Switzerland. 
In  order  to  examine  the  applicability  of  existing  groundshock  prediction  models, 
a  comparison  of  such  models  was  performed.  Though  each  of  the  investigated  model 
is  based  on  the  evaluation  of  actual  measurements,  considerable  and  so  far  In¬ 
explicable  differences  have  been  found.  For  this  reason,  a  new  and  more  general 
model  based  on  all  available  data  Is  required.  The  investigation  and  comparison 
of  groundshock  damage  relationships  has  shown  equally  large  divergencies  bet¬ 
ween  various  criteria.  A  new  assessment  of  this  problem  is  therefore  necessary. 

The  author  Is  grateful  for  any  information  related  to  this  subject  which  might 
be  of  help  in  developing  a  new  and  more  general  prediction  model  for  ground- 
shock  effects  caused  by  accidental  explosions  in  underground  explosives  and  am¬ 
munition  storages. 
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Table  2:  Models  for  Groundshock  Prediction  used  for  Comparison 
Legend: 

v  -  maximum  particle  velocity  in  m/3 
r  -  distance  from  charge  in  m 
-  aequivalent  radius  of  chamber 
n  =  length  of  charge  in  m 
L  =  length  of  chamber  in  m 
Q  =  charge  weight  in  kg 
yy  -  Q/v  -  loading  density  in  kg/m ^ 
c  -  seismic  velocity  in  m/a 


Figure  5:  Parametria  Comparison  of  Groundshock  Models: 
Influence  of  Decoupling  of  Charge 
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Abstract 

A  consequence  analysis  was  performed  to  determine  how 
much  explosive  could  be  stored  in  an  underground  rock 
storage.  Consequences  from  shock  pressure  and  from 
debris  were  determined  and  expressed  as  group  risk.  An 
aversion  function  was  used  to  give  the  subjective  group 
risk  which  was  the  basis  for  decisions. 

The  storage  is  situated  in  a  populated  area  and  several 
groups  of  objects  were  analysed  for  exposure. 

The  individual  risk  for  the  persons  at  highest  risk 
was  estimated. 
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INTRODUCTION. 


This  presentation  demonstrates  one  way  to  assess  the  consequences 
from  an  explosion  in  a  rock  underground  explosive  Storage. 

The  situation  before  the  analysis  was  based  on  a  permission  to 
store  100  ton  of  explosives  in  the  storage.  By  means  of  risk  analysis 
we  wanted  to  find  out  how  much  explosives  that  could  be  stored  in 
the  future. 

The  Storage  contains  mainly  gelatinous  Dynamite  with  a  TNT  equivalent 
equal  to  one. 

The  Storage  is  situated  Inside  a  cliff  that  scopes  about  70°  up  from 
the  sea.  Access  to  the  rock  chamber  Is  through  a  short  tunnel  coming 
in  from  the  side.  Figure  (1)  show  a  drawing  in  three  dimensions  of  the 
situation.  The  overburden  In  front  of  the  Storage  Is  only  about  6 
meters,  and  would  certainly  not  be  able  to  contain  an  explosion. 

When  this  rock  chamber  was  built  almost  forty  years  ago,  two  small 
tunnels  were  driven  from  the  chamber  to  the  front  of  the  cliff  in  order 
to  give  some  relief  In  case  of  art  explosion. 

The  dlmensionsof  the  Storage,  built  of  concrete  inside  the  rock  chamber, 
are 

Length  *  13  meters 

Width  =  11  meters 

Average  height®  4,5  meters 

3 

which  gives  a  total  volume  of  about  650  m  . 


The  analysis  Is  divided  Into  three  main  parts.  The  first  part  Is  the 
effect  analysis  that  primarily  describes  the  effects  from  air  blast  and 
debris  on  people  in  different  situations.  The  effect  analysis  establishes 
risk  zones  with  different  probabilities  of  fatality,  to  exposed  persons. 

The  second  part  is  the  analysis  of  exposure  which  investigates  the  vulnera¬ 
bility  of  the  people  who  may  be  effected  by  an  explosion  In  the  Storage. 
Taking  into  account  the  lethality,  the  number  of  people  present,  the 
causality,  as  well  as  an  aversion  factor,  the  subjective  group  risk  is 
determined. 

In  the  third  part  the  Individual  risk  for  the  person  at  highest  risk  Is  calcu¬ 
lated,  and  this  together  with  the  group  risk  compared  to  criteria  for 
acceptable  risk. 
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The  methodology  for  doing  this  analysis  was  developed  by  the 
Swiss  consulting  first  Basler  $  Partners,  previously  named 
Basler  ft  Hofmann.  (Reference  1,7) 

Dyno  Industrler  A.S  has  adopted  the  Swiss  methods  and  to  a  certain 
extent  their  criteria  for  acceptable  risk. 

Our  own  philosophy  Is  to  do  risk  analyses  with  the  required  accuracy 
necessary  to  make  a  correct  decision.  If  a  first  approximate  analysis 
shows  that  the  levels  are  well  within  the  accepted  limits,  no  further 
detailed  work  Is  undertaken. 

EFFECT  ANALYSIS. 

Crater  dimensions: 

The  formation  of  a  crater  in  case  of  an  explosion  In  a  rock  chamber 
Is  primarily  a  function  of  quantity  of  explosive  Q,  the  chamber 
volume  V,  the  overburden  h,  and  the  geology  of  the  rock. 

There  are  several  ways  given  in  the  litterature  to  calculate 
crater  dimensions.  None  of  the  methods  takes  into  account  the 
decoupling  effect  from  the  air  space  surrounding  the  explosive,  and 
are  therefore  regarded  as  conservative  estimates. 

The  reported  results  from  model  testing  of  cratering  show  a  high  degree 
of  scatter. 

The  method  used  to  get  an  Idea  of  the  crater  dimensions  is  taken  from 
reference  (3). 

The  following  equations  are  derived: 

True  craterradlus:  r(Q)  *  8  •  Q  '  (m,t)  -  1 

True  crater  depth:  d(Q)  *  5  *  Q  (m,t)  -  2 

where  Q  Is  tons  of  explosives. 

The  craterradlus  Is  parallel  to  the  surface  which,  in  this 
case  means  along  the  slope  of  the  cliff.  The  craterdepth  Is  perpen¬ 
dicular  to  the  craterradlus.  (Figure  2). 

For  35  tons  of  explosives  the  true  craterradlus  is  estimated  to  be  26  meters. 
The  true  craterdepth  Is  estimated  to  be  21  meters. 
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Analysis  of  crater  ejecta  c ha ractarl sties  show  that  debrlr  will  not  bo 
ejected  at  anglbs  of  lass  than  30°  from  tho  edge  of  a  horizontal  creter. 
If  thasa  results  are  used  on  a  crater  In  t  cliff  sloping  70*,  m  find 
that  no  debris  will  be  ejected  uphill  from  the  crater. 

This  makes  sense  since  such  a  steep  cliff  outside  a  rock  Storage  vary 
ouch  simulate  a  regular  one  hole  rock  blast. 

If  an  explosion  In  the  underground  Storage  takes  place,  there  will  be 
a  sudden  rise  In  pressure  inside  the  rock  chamber.  The  pressure  will 
work  Its  way  out  the  tunnels  and  than  break  away  the  rock  overburden. 

In  this  analysis  both  the  relief  effect  from  the  tunnels,  and  the 
pressure/debris  effect  on  the  surroundings  from  the  tunnels  are  assumed 
to  be  negligible.  The  reason  being  that  there  is  very  little  over¬ 
burden  compared  to  the  quantity  of  explosives,  and  that  the  possible 
effects  from  the  tunnels  on  people  in  the  surroundings  will  be  very 
small . 

The  blast  wave  from  the  explosion  will  propagate  outwards  in  an  expanding 
sphere. 

The  debris  from  the  crater  will  be  ejected  In  front  of  the  Storage. 

Part  of  the  crater  will  develop  under  the  sea  level.  Our  very  conserva¬ 
tive  assumption  is  that  this  does  not  Influence  the  pattern  of  the  falling 
debris 

Ejecta  from  a  horizontal  crater  can  be  divided  Into  two  zones. 

The  Inner  zone  begins  at  the  crest  of  the  crater  and  stretches  to  the 
outer  crater  lip. 

The  outer  zone  begins  at  the  outer  crater  lip  and  reaches  to  the  maximum 
debris  throw  distance. 

In  this  analysis  It  Is  assumed  that  all  persons  present  in  the  Inner 
zone  will  have  a  probability  of  death  equal  to  100X  In  case  of  an 
explosion. 

The  extent  of  the  Inner  zone  can  be  calculated  by  means  of  an 
equation  from  reference  (6). 
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\  (O.V.h)  .  1 ,35  [he2  ♦  1,42  •  h  •  (h0  -  1,7  •  h)]  °»5 
where 

Rg  ■  Radius  to  the  edge  of  the  outer  crater  Up.  (m) 
hp  *  overburden  to  contain  the  explosion 
«  13,9  •  Q4/9  •  V‘1/9  (m) 

Q  »  TNT  equivalent  quantity  of  explosive  (t) 

V  «  Volume  of  rock  chamber  (m3) 
h  »  overburden  (m) 

For  35  tons  of  explosives  the  Inner  zone  has  a  radius  of  about  48  meters. 

This  means  that  the  Dyno  employees  that  spend  part  of  the  day  at  the 
Storage  will  be  killed  If  they  are  present  at  the  time  of  an  explosion. 
There  are  normaly  one  or  two  people  at  the  time  working  at  the  Storage 
site. 

The  Consequence  analysis  Is  primarily  directed  towards  the  risk  for 
3rd  parties. 

Debris  from  the  crater: 

The  parameter  that  Is  used  to  calculate  the  effect  of  debris  on  the 
objects  In  the  surroundings  of  the  Storage  Is  the  socalled  debrlsmass- 
denslty  6  (kg/mZ). 

From  reference  (4)  the  following  equation  Is  basis  for  calculating  6  . 

6  (Q,R,h)  -  ?  •  A  •  Va1/3»  r  2‘94.  R‘Z»94  -  4 

where 

P  *  density  of  overburden 
V#  *  apparent  cratervolume 
ra  *  apparent  craterradlus 
R  *  distance  from  explosion 

The  coefficient  A  depends  on  depth  of  burial  and  quantity  of  explosive. 
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For  a  decoupled  rock  chamber  Basler  A  Hofmann  have  derived  a  special 
aquation  for  A.  . 

A(Q„h)  -  -0,037(h/Q5/16  -  1 »13)2  «■  0,059  ..  -  5 

Equation  4  can  ba  simplified  to: 

6(Q,R)  -  n(Q)  •  R“2*94  -  6 

n(Q)  Is  calculated  for  this  particular  storage  for  at  least  two  quantities 
of  stored  explosives.  Now  we  can  make  a  characteristic  diagram  that 
allows  us  to  determine  it(Q)  for  different  quantities  of  explosives. (figure  3) 
The  apparent  craterradlus  and  cratervolume  Is  determined  from  figure  (4). 

For  35  tons  of  explosives  this  simplified  formula  can  be  used  to  deter¬ 
mine  the  debrlsmassdenslty 

6  -  4.2  x  107  •  R*2,94  ..  -  7 

Influence  of  the  terrain: 

The  explosive  Storage  Is  situated  just  Innslde  a  steep  cliff  wall 
sloping  70°  towards  the  sea. 

This  has  an  Influence  on  the  scatter  of  debris  from  the  crater.  The 
equation  7  Is  based  on  a  crater  In  horizontal  rock.  Analysis  of 

debris  throw  from  the  crater  show  that  the  angle  of  throw  of  debris  at  the 
crater*  edge  always  Is  more  than  30°. 

If  this  fact  Is  applied  to  a  crater  In  a  70°  rock  slope  no  debris  will 
be  thrown  In  the  upphlll  direction.  It  also  Implies  that  more  ejecta 
will  go  further  In  the  downhill  direction. 

Analysis  of  two  models  based  on  debris  throw  dlstance.and  mass  of  debris 
In  ejecta  sectors,  show  that  the  downhill  throw  distance  of  debris  will  be 
about  twice  that  of  the  debrlsmassdenslty  from  a  horizontal  crater. 

By  means  of  a  diagram  that  show  the  relationship  between  lethality  and 
debrlsmassdenslty  It  Is  possible  to  find  the  probability  of  death  at 
a  given  distance  from  the  explosion. 

The  curves  in  figure  (5)  are  from  the  Swiss  regulations  for  Storage  of 
ammunition,  (reference  6,  7) 
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Five  risk  zones  are 


Zone 

Range  of  lethality  zones 

Lethality  Zones  X 

I 

100  *  -  75 

X 

100  X 

II 

75  *  -  30 

X 

50  X 

III 

30  X  -  5 

X 

10  X 

IV 

5  X  -  0,5 

X 

1  X 

V 

0,5  X  -  0,05  X 

0,1X 

It  Is  now  possible  to  plot  the  risk  zones  on  a  map. 


AIR  BLAST  FROM  EXPLOSION. 

The  effect  from  air  blast  depends  on  pressure  and  Impulse.  The 

Influence  from  both  these  effects  can  be  expressed  as  P  and 
5/3 

P  •  t^p,  depending  on  the  type  of  object  that  Is  exposed  to  the 
blast  wave.  < 

The  overpressure  from  the  explosion  Is  calculated  according  to  the 
following  equation.  (Reference  6.) 

P(Q.R.h.V)  *  69,2  •  (1  -  h/hK)16/9  •  Q4/9  •  R"4/3  ..  -  8 

P  *  peak  side  on  overpressure  from  air  blast  (bar) 
hK»  9,7  •  Q4/9  ♦  V”1/9  (m) 

R  »  Distance  from  crater  center  (m) 

For  35  tons  of  explosives  the  equation  simplifies  to: 

P  -  196  •  R“4/3  -  9 

By  means  of  this  equation  and  a  diagram  (figure  6)  showing  the  relation¬ 
ship  between  the  lethality  and  side  on  pressure  on  people  In  buildings 
or  open  air,  a  set  of  risk  zones  can  be  plotted  on  a  plan  . 
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In  the  cast  where  P573  tjp  bast  describes  tilt  relationships  th*  fcllitmlnu 
equation  Is  ustd; 

PS/3  •  t1p(Q,R,h,V)  •  2620  *(1  -  h/hK)2  *Q0,75  •  R*1*5  ..  -  10 

which  simplifies*  for  this  storage  and  0-35  tons,  to  : 

PS/3  •  t1p  -  5,8  •  104  •  R”1*5  ..  -  11 

where 

t^p  -  duration  of  Impulse  ■  2  Ip/P 
Ip  ■  Impulse  density  of  overpressure 

From  figure  (7)  the  risk  zones  can  be  constructed  for  objects  that  are 
Influenced  by  P5^3  t1p. 

Ground  shock: 


The  effect  of  ground  shock  Is  negligible  compared  to  the  risk  from  the 
air  blast  and  the  debris  (  reference  8). 

Construction  of  risk  zones: 

The  risk  zones  from  debris  and  air  blast  concerning  one  and  the  same 
type  of  exposed  object  are  plotted  on  the  same  plan,  (figure  8,  9,  10) 

People  Inside  buildings,  people  Inside  vehicles  and  people  In  the  open 
air  are  considered  in  the  analysis. 


The  debris  zones  are  plotted  as  eclipses  and  the  air  blast  zones  as 
circles, 

WV-e  the  zones  overlap  the  one  that  represents  the  highest  risk  level 
is  the  one  which  counts,  in  the  case  that  two  zones  of  the  same  risk  level 
overlap  the  risk  will  be  the  sum  of  the  two  zones. 

ANALYSIS  OF  EXPOSURE. 

The  analysis  of  exposure  Investigates  how  many  people  there  are  In  the 
risk  zones  at  different  times.  He  consider  people  Inside  buildings.  In 
open  air  and  on  the  road  In  cars  or  busses. 
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The  buildings  In  the  surroundings  of  the  explosive  Storage  ere  classified 
as  suweerhouses.dvdllng  houses  and  Industry  &  commerce.  People  In 
buildings  and  open  air  were  considered  In  three  situations: 

-  normal  working  day  situation  1 

-  evening  and  night  "  2 

-  Holidays  and  weekends  "  3 

The  people  In  vehicles  were  considered  In  five  situations,  mainly 
to  take  into  account  the  different  traflcloadlngs  on  the  road  during  a 
24  hours  day. 


For  each  situation  an  average  presence  factor  (PF)  was  assumed. 

The  product  of  the  lethality,  the  number  of  people  and  the  presence 
factor  was  calculated  for  each  situation  and  group  of  objects. (figure  11,12) 

These  products  were  added  for  each  situation  to  give  "extent  of  situation" 

As,  which  was  multiplied  by  "part  of  event"  Arej. 

This  gave  for  each  situation  a  socalled  objective  risk.  The  sum  of 
objective  risks  Is  equivalent  to  the  expected  number  of  deaths  In  case 
of  an  explosion. 

Arej  takes  Into  account  the  fact  that  the  probability  of  an  explosion 
varies  over  the  day.  For  this  storage  It  is  assumed  that  60*  of  the 
explosions  would  take  place  during  working  hours  when  the  explosives  are 
handled  and  the  storage  Is  open. 

In  a  case  where  no  explosives  were  stored  part  of  the  day  or  year,  the 
A^iwould  be  the  factor  which  took  this  tact  Into  account. 

The  objective  risk  Is  for  each  situation  multiplied  with  an  aversion- 
factor 


v  -  2As/5  for  As  *  20 

which  gives  the  subjective  risk,  Rg,  also  called  subjective  group  risk. 

The  total  subjective  risk  Is  the  main  basis  for  making  a  decision  of  how 
much  explosive  to  store  In  the  Storage. 
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The  risk  for  any  specific  person  In  case  of  an  explosion  Is  defined 
as  the  Individual  risk. 

To  calculate  the  Individual  risk,  Me  have  to  know  the  probability  of 
an  explosion  In  the  Storage. 

In  this  case  we  assume  the  same  probability  that  was  found  for  a  similar 
explosive  Storage  In  an  earlier  event  analysis  (reference  9). 

r 

The  probability  of  an  explosion  Is  assumed  to  be  ■  7,5  *10  /year. 

The  Individual  risk  Is  found  by  means  of  equation: 

r  1  ^1 
r1  *[X  building  5(Xre1  *  PF)  +  X  °Pen  air  S(Vel  *  PF)J  Xe 

The  additional  risk  from  being  inside  a  vehicle  part  of  the  time  is 
negligible. 

CRITERIA  AND  CONCLUSIONS. 

The  original  question  In  this  analysis  was:  Now  much  explosive  can 
be  stored  in  the  underground  Storage? 

To  give  a  background  for  an  answer,  or  rather  a  decision,  one  has  to 
calculate  the  risks  for  different  quantities  of  explosives. 

In  this  analysis  the  results  are  presented  in  the  shape  of  two  bar  charts. 
Figure  (13)  show  the  subjective  group  risk  for  Storage  of  20  -  40  tons 
of  dynamite.  Figure  04)  show  the  Individual  risk  for  the  person  at  highest 
risk  for  the  same  quantities  of  dynamite. 

In  recent  years  Dyno  Industries  A.S  has  had  a  rule  of  the  thumb  agreement 
with  the  Norwegian  Explosives  Inspectorate,  saying  that  If  the  subjective 
group  risk, for  new  Storages  concerning  3rd  persons.  Is  less  than  one, and  the 
individual  risk  Is  less  than  1*10  /year,  permission  to  store  will  be 
granted. 

The  criteria  for  Individual  risk  Is  equivalent  to  the  level  of  risk  that 
an  average  person  will  be  exposed  to  In  dally  life  outside  his  working 
environment. 

These  criteria  are  adopted  from  Switzerland  where  they  form  the  basis  for  the 
Storage  of  Ammunition  Regulations. 
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In  Switzerland  they  may  use  a  criteria  of  Rft  «  4  when  considering 
an  already  existing  explosive  Storage.  This  was  the  criteria  which 
we  hoped  to  be  allowed  to  use. 

The  decision  was  finally  based  on  the  <1  4  criteria,  as  well  as  the  above 
mentioned  criteria  for  the  individual  risk. 

This  means  that  in  the  future  35  tons  of  dynamite  will  be  the  maximum 
quantity  of  explosive  to  be  stored  in  the  underground  Storage. 
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INTRODUCTION 


The  Department  of  Defense  Explosive  Safety  Board  (DDESB)  establishes, 
recoaaends,  and  enforces  safety  standards  to  guide  DOD  components  in  pre¬ 
venting  hazardous  conditions  and  Uniting  human  and  econuaic  risks.  One  DDESB 
standard  involves  defining  Explosive  Safety  Quantity  Distance  (E8QD)  tables, 
which  specify  the  minimum  "safe"  distance  fron  inhabited  and  related  facilities 
to  potential  sources  of  explosions  and  fires.  The  ESQD  tables  are  intended  to 
liait  the  risk  to  people  and  property  from  blast  overpressures,  fragnents,  and 
debris  resulting  fro*  an  accidental  explosion.  For  Class  1,  Division  l  explo¬ 
sives  having  a  Net  Explosive  Weight  (NEW)  exceeding  30,000  lb  TNT  equivalent, 
the  ESQD  distance  to  inhabited  facilities  is  controlled  by  blsst  overpressures. 
For  100<  NEW  <30,000  lb  TNT  equivalent,  the  ESQD  distance  to  inhabited  facili¬ 
ties  is  controlled  by  fragnents  and  debris  and  is  uniformly  set  equal  to 
1,250  feet,  unless  it  can  be  adequately  deaonstrated  by  technical  data  that  a 
leaser  distance  will  result  in  no  aore  than  one  fragment  or  debris  missile  per 
600  ft2  of  ground  surface  area  with  an  impact  energy  exceeding  58  ft- lb. 

Numerous  literatures  (Ref  1)  address  various  aspects  of  the  debris  hazard 
problea,  such  as  the  launch  velocity,  launch  angle,  mass  distribution,  flight 
trajectory,  and  impact  range  of  debris  from  explosions  in  buildings  (Ref  2V3,4,5). 
Some  methods  provide  only  qualitative  estimates  of  debris  hazard.  Other 
methods  are  quantitative  but  empirically  derived  from  limited  test  data  that 
fail  to  account  for  all  building  and  charge  characteristics.  In  summary,  the 
technology  available  today  does  not  provide  a  complete,  reliable  prediction 
method  for  debris  hazard  problem.  At  best,  it  offers  a  piecemeal  approach 
leading  to  an  incomplete  solution  with  limited  application;  it  does  not  account 
for  all  parameters  affecting  debris  hazard  nor  the  range  of  parameters  found 
in  the  field. 

The  Naval  Shore  Establishment  has  a  large  number  of  explosives  facilities, 
such  as  Weapon  Maintenance  Facilities,  where  the  SEW  is  less  chan  30,000  lb 
TNT  equivalent.  In  accordance  with  DDESB  safety  criteria,  new  facilities  must 
be  located  at  least  1,250  feet  from  these  ordnance  facilities,  end  safety 
waivers  must  be  issued  for  existing  facilities  that  do  not  comply  -  unless  it 
can  be  adequately  deaonstrated  by  technical  data  that  a  lesser  distance  will 
result  in  no  more  than  one  fragment  or  debris  missile  per  600  ft2  of  ground 
surface  area  with  an  impact  energy  exceeding  58  ft-lb.  To  date,  no  unhardened 
facilities  have  been  sited  at  less  than  1,250  feet  and  no  safety  waivers  on 
existing  facilities  have  been  voided,  based  on  the  "58  ft-lb'J  criterion.  The 
reason  being  that  no  reliable  method  exists  for  predicting  the  "safe"  debris 
distance  corresponding  to  the  ”58  ft-lb"  criterion. 

Significant  benefits,  in  the  form  of  reduced  safety  waivers  and  encumbered 
land  area,  can  be  realized  from  application  of  a  reliable  debris  prediction 
model  in  the  planning  and  design  of  the  Naval  Shore  Establishment „  In  view  of 
the  potential  benefits,  the  Naval  Facilities  Engineering  Command  tasked  the 
Naval  Civil  Engineering  Laboratory  (NCKL)  to  develop  a  reliable  methodology 
for  predicting  the  debris  hazard  from  explosions  in  buildings  . 
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SOLUTION  CONCEPT 

Given  the  value  of  parameters  describing  the  initial  launch  and  flight 
characteristics  of  a  single  debris  nit a lie,  determination  of  its  trajectory, 
impact  range,  and  terminal  energy  is  a  routine  academic  exercise.  If  instead 
the  problem  is  to  predict  the  debris  haxard  from  an  explosion  inside  a  building, 
the  computational  process  is  much  store  difficult.  It  requires  estimates  of 
the  applied  loads  produced  by  the  cap  lot ion  and  estimates  of  the  resulting 
dynamic  response  and  failure  characterics  of  the  structure  -  just  to  eatahlith 
the  value  of  parameters  describing  the  initial  launch  and  flight  characteristics 
of  the  debris.  There  will  be  uncertainty  in  these  estimates.  The  uncertainty 
is  due  to  inherent  randomnos*  in  the  state  of  nature  and  prediction  error  from 
lack  of  knowledge.  Because  of  these  uncertainties,  the  value  of  the  parameters 
may  be  specified  only  within  a  range  of  possible  values,  regardless  of  the 
level  of  effort  directed  toward  the  debris  problem.  Moreover,  certain  values 
(or  ranges  of  values)  may  be  more  likely  to  occur  then  others.  This  msy  be 
described  in  the  form  of  a  probability  density  function  (Pdf). 

In  view  of  the  above,  the  solution  concept  for  predicting  the  debris 
hazard  from  explosions  in  buildings  will  be  based  on  a  probabilistic  model. 

Input  to  the  model  will  be  the  Pdf  for  each  of  the  following  parameters: 
launch  velocity  of  debris  (v),  launch  angle  o*  debris  (6),  debris  mass  (*), 
drag  coefficient  (C),  and  drag  area  (A).  The  model  will  contain  the  basic 
relationships  between  these  parameters  for  predicting  the  trajectory,  impact 
range,  and  terminal  kinetic  energy  of  a  debris  missile.  Given  the  Pdf  for 
each  parameter  and  utilizing  the  Monte  Carlo  random  sampling  technique,  the 
model  will  randomly  sample  the  Pdf  for  each  parameter  and  compute  the  impact 
range  and  terminal  kinetic  energy  of  the  sample  (debris  missile).  This  process 
will  be  repeated  a  prescribed  number  of  tines  for  each  of  several  mesh  elements. 
Each  mesh  element  will  simulate  a  unique  area  of  the  building  and  together 
they  will  simulate  the  entire  surface  area  of  the  building.  The  model  will 
sum  over  all  mesh  elements  to  find  the  total  number  of  debris  missiles  exceeding 
s  prescribed  critical  impact  energy  at  various  distances  from  the  building. 
Output  from  the  model  will  be  the  expected  number  of  debris  missiles  per 
600  ft2  exceeding  the  critical  impact  energy,  say  58  ft- lb,  as  a  function  of 
range  from  the  building.  The  range  where  the  expected  number  of  critical 
debris  missiles  is  equal  to  one  will  be  defined  as  the  "safe’’  range  for  the 
particular  limit  of  58  ft-lb,  consistent  with  DDESB  safety  criterion. 

It  is  important  to  clearly  understand  the  technology  risks  and  resource 
requirements  envisioned  in  development  of  the  proposed  solution  concept. 
Development  of  the  debris  prediction  model  is  low  risk  and  requires  only 
limited  funds.  A  major  part  of  the  technology  thrust  and  funding  support  must 
be  directed  toward  development  of  procedures  for  establishing  the  probability 
density  function  for  each  of  the  five  input  parameters  to  the  prediction  model. 
The  relative  effort  applied  to  each  Pdf  will  depend,  to  a  large  degree,  on 
results  of  a  sensitivity  analysis  that  will  identify  the  parameters  which 
significantly  affect  debrie  hazard  predictions.  Once  identified,  all  efforts 
will  be  directed  toward  theoretical  and  experimental  studies  designed  to 
establish  the  procedure  or  technical  data  that  defines  these  critical  Pdf's. 
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tiding  and  Explosives 

The  prediction  aodel  will  be  cepeble  of  predicting  the  debris  bsaerd  froa 
explosions  in  any  type  of  structure,  given  the  Pdf  for  each  input  parameter  to 
the  nodel.  However,  in  view  of  the  large  effort  required  to  develop  tie  Pdf 
for  each  parameter,  this  study  will  be  United  to  development  of  tie  Pdf* a 
only  for  rectangular-shsped  reinforced  concrete  structures  of  the  type  illus¬ 
trated  in  Figure  1 . 

Debris  nsnsrd  predictions  will  obviously  depend  on’ the  characteristics  of 
tike  building  and  explosive  stores.  Characteristic  persaeters  Will  Include  ode 
or  no re  of  the  following:  building  gcoaetry  (length,  width,  eave  height,  and 
roof  slope),  building  envelope  (nsterial  and  structural  design),  $qufpa*nt  and 
personnel  doors  (number,  perineter,  nasi  sad  location),  windows  (number  add 
area),  explosives  stores  (HEW  and  location  of  each  explosives  concentration) , 
end  exterior  and  interior  barricades  (height,  length,  nsterial  of  construction 
and  location  relative  to  the  walls  of  the  building). 

The  study  will  first  address  reinforced  concrete  buildings  rather  than 
aetal  buildings,  based  on  present  inpreasions  that  primary  fragments  from 
weapons  and  secondary  debris  free  building  contents  nay  control  the  safe 
debris  range  fron  aetal  buildings .  Further,  reinforced  concrete  structures 
are  aore  cannon  in  the  Hsvsl  Shore  Establishment,  and  blsst  hardening  of 
explosives  facilities,  in  aost  cases,  involves  reinforced  concrete  construction. 

Debris  Mesh  Element 

A  grid  systesa  will  simulate  unique  sress  of  each  surface  of  the  building 
as  illustrated  in  Figure  2.  Each  grid  elenent  will  be  unique,  capable  of 
having  its  own  Pdf  for  each  model  input  psraaeter.  The  purpose  of  the  nesh  is 
to  reduce  the  sources  of  uncertainty  in  the  Pdf  for  one  or  nore  of. the  aodel 
input  parameters,  allow  insight  into  the  asjor  sources  of  debris  hazard,  and 
evaluate  the  effectiveness  of  barricades  and  the  importance  of  charge  location. 
One  or  amre  nesh  eleaents  will  be  needed  to  siaulste  a  face  of  a  building;  the 
total  nuaber  depending  on  the  characteristics  of  the  building  and  explosives. 
For  exanple,  If  all  explosive  stores  are  always  located  at  the  south  end  of  a 
long  building,  the  Pdf  for  debris  asss  associated  with  a  aesh  eleaent  near  the 
south  end  could  be  quite  different  froa  that  for  a  aesb  elenent  located  near 
the  north  end.  The  difference  could  result  froa  large  differences  in  either 
the  tine  history  of  the  applied  load  or  the  structural  design  characteristics 
associated  with  each  aesh  elenent.  Other  aesh  elements  aucy  represent  the 
structural  fraae  or  truss  in  each  bay  of  the  building  or  each  exterior  door. 

Another  grid  systec  will  represent  areas  on  the  ground  surface  outside 
the  building,  as  illustrated  in  Figure  2.  Each  grid  elenent  will  constitute  a 
debris  bin  with  an  area  of  6C0  ft2.  The  debris  bins  will  extend  the  length  of 
the  building  and  outward  froa  the  building  to  a  distance  of  at  least  1,250  ft. 
The  prediction  aodel  will  calculate  the  debris  trajectories  and  count  the 
nuaber  of  debris  aissilea  landing  in  each  debris  bin  with  an  impact  kinetic 
energy  exceeding  aone  prescribed  critical  value,  say  58  ft-lb. 

Logic  Flow  Diagram 

The  basic  logic  flow  for  the  prediction  aodel  is  presented  in  Figure  3. 
Major  components  of  the  model  are  two  subroutines,  s  Monte  Carlo  random  nuaber 
generator  subroutine  and  a  drag  trajectory  siaulation  subroutine.  Both  are 
off-the-shelf  items. 
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The  Monte  Carlo  rondo*  nuaber  generator  subroutine  will  be  the  Generation 
and  Testing  of  Kendo*  Nuaber"  subprogram  in  the  International  Mathematics  and 
Statistics  Library  (Ref  6).  11m  subprogram  has  the  capability  to  generate 
rondo*  ampler  fro*  the  probability  distribution  of  a  uni  fora,  triangular, 
Gaussian,  binoaial,  log-nomal ,  Poisson,  or  Hsibull  distribution. 

The  drag  trajectory  sinuietion  subroutine  will  be  the  "TKAJ"  program 
developed  by  thy  Naval  Surface  Weapons  Center  (Kef  7).  The  subroutine  was 
originally  intended  for  supersonic  speed  fragments  with  variable  drag  coeffi¬ 
cient.  However,  it  also  has  the  capability  to  calculate  low-speed  debris 
trajectories  for  constant  drag  coefficient*.  Minor  Modification  will  be  node 
so  that  the  trajectory  calculation  accounts  for  the  initial  height  of  launch, 
which  can  be  quite  significant  in  debris  haxard  predictions  for  a  building. 
Another  Modification  required  in  this  progra*  is  to  account  for  effects  of 
earth  barricades  located  outside  buildings. 

The  logic  flow  will  accomodate  one  or  wore  amah  elcsmnta  of  a  building. 
The  total  number  of  debris  missiles  landing  in  each  debris  bin  will  be  the  sun 
of  the  debris  missiles  iron  all  neah  elements  resulting  fro*  2 -dimensional 
flight  trajectories. 

The  number  of  Monte  Carlo  runs  will  be  the  nuaber  needed  to  stabilize 
debris  hazard  predictions.  This  *ay  result  in  a  total  debris  mass  of  all 
Monte  Carlo  rondo*  samples  which  differs  fro*  the  actual  total  *ass  of  the 
aesh  element.  This  difference  will  be  adjusted  by  enforcing  the  "conservation 
of  debris  *ass  principle"  which  requires 


where  N.  =  total  nuaber  of  critical  debris  missiles  (i.e.,  debris 
Missiles  exceeding  scete  prescribed  isipact  energy,  say 
58  ft~lb)  which  land  in  debris  bin  b  (24.5  by  24.5  ft) 

.  =  fictitious  nuaber  of  critical  debris  aissiles  in  debris 
J  bin  b  resulting  froa  aesh  element  j  for  n.  Monte  Carlo 
runs  ^ 


a^j  =  aass  of  the  i-tfc  debris  aissile  froa  aesh  element  j 
Mj  -  total  aass  of  aesh  eleaent  j 
e  *  total  nuaber  of  aesh  elements 


Oj  =  total  nuaber  of  Monte  Carlo  runs  for  uesh  eleaent  j 

b  =  debris  bin  nuaber,  equal  to  integer  of  R/24.5 

H  =  range  froa  face  of  building  to  impact  point  vf  debris 
aissile,  ft 
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Dm  output  ft«a  the  prediction  nodal  will  be  the  frequency  distribution 
for  the  number  of  debris  Missiles  (per  600  ft*)  exceeding  e  prescribed  critical 
iapect  energy  versus  range  free  the  building  as  illustrated  in  Figure  6.  If 
the  probability  distributions  of  the  input  psrssMtere  are  relatively  moot! 
and  tbs  Busbar  of  Monte  Carlo  rune  is  sufficiently  large. ,  than  the  resulting 
histogran  should  be  fairly  well  behoved.  Should  this  be  the  esse,  tbs  "safe" 
distance,  R  .  will  be  determined  from  the  histogran  (for  the  number  of  debris 
Missiles  exceeding  an  inpact  energy  of  58  ft-lb)  by  locating  the  rang*  where 
the  ember  of  debris  niaslles  is  one.  However,  if  the  histogran  exhibits 
irregular  behavior  near  its  "tail",  then  it  will  be  necaesery  to  use  a  curve- 
fitting  technique  or  other  method  ta  establish  t  continuous  function  that 
approximates  the  tail  of  the  histogran.  This  function,  representing  the 
expected  amber  of  critical  debrit*  nissiles  (per  600  ft*)  as  t,  function  of 
range,  will  be  used  to  establish  the  safe  range  by  locating  the  range  where 
the  expected  amber  of  critical  debris  missiles  doe*)  not  exceed  one. 

The  histogran  can  be  used  to  resolve  other  problems  in  addition  to  the 
safe  debris  range  corresponding  to  H&8B  criteria.  For  example,  the  problea 
nay  be  to  identify  effects  of  deviations  froee  DD8SB  safety  criteria,  the  range 
for  absolute  safety  (no  debris),  or  the  range  at  which  no  store  than  one  debris 
missile  per  600  ft*  baa  an  inpact  energy  sufficient  to  perforate  the  shell  of 
s  ' particular  building. 

Probability  Density  Functions  for  Input  Parameters 

A  Pdf  swat  be  assigned  to  the  debrie  mass,  launch  velocity,  launch  angle, 
drag  coefficient,  and  drag  area  for  each  iaesh  elenent  of  the  building.  In  the 
initial  phases  of  the  study,  the  choice  of  asssh  elements  and  Pdf's,,  though 
representing  the  state-of-the-art,  will  be  crude  estimates  in  sone  cases. 
However,  these  estiaates  will  be  adequate  to  demonstrate  the  rode 1' ft  capabili¬ 
ties  and  to  validate  its  logic  flow.  The  choice  of  aesh  eleaenta  and  Pdf 'c 
for  each  type  of  building  will  be  updated  «s  technical  data  are  developed  in 
the  study  or  reported  by  other  investigators. 

The  reliability  of  output  froa  Uu  model  will  depend  alaoxt  exclusively 
on  the  choice  of  aesh  elements,  how  these  aesh  elements  break  up,  and  the 
Pdf's  assigned  to  these  mesh  elements.  Reliable  definition  of  both  (amah 
elements  and  Pdf'a)  requires  application  of  knowledge  (theoretical  and  experi¬ 
mental  data)  shout  the  characteristics  of  gaa  and  shock  loads  resulting  from 
partially  confined  explosions,  effects  cf  these  loadw  on  the  dynamic  response, 
behavior  to  failure  of  structural  systems  and  components  (especially  reinforced 
concrete  structures),  and  the  flight  characteristics  of  debris  aissiies. 

Output  from  the  model  is  meaningless  if  this  knowledge  is  not  fully  utilised . 

The  input  parameters  to  the  model  are  discussedoeiow.  It  should  Bt~ 
emphasised  that  procedures  described  below  for  developing  the  Pdf's  ere  very 
preliminary  and  subject  to  further  improvements  in  future  phases  of  the  study. 

Debris  Noss.  A  Pdf  for  debris  mass  will  be  required  for  each  mesh  element 
in  the  building.  The  fora  of  the  Pdf  will  depend  on  the  choice  of  mesh  elements 
and  the  predicted  dynamic  response  and  behavior  of  the  aesh  element  resulting 
from  predicted  blast  loads.  The  predicted  blest  loads  will  he  discussed  in 
the  launch  velocity  section. 
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The  predicted  blast  loads  Mf  bt  sufficient  to  "shatter"  tka  material  in 
tbs  mesh  slsswint.  If  analysis  indicates  this  to  bs  the  cate,  than  the  Pdf 
will  be  similar  to  that  for  debris  fren  effects  of  clooe-ia  smplmsieos  on 
reinforced  concrete  panels  (Ref  1  and  4).  For  this  case,  the  Ftf  will  tend  to 
an  exponential  function  of  the  type  illoatrated  in  Figure  St.  the  character¬ 
istics  of  the  function  will  be  derived  froei  either  existing  axporinsntal  data 
or  from  a  eodified  form  of  the  Mott  equation  (Ref  t). 

If  the  neah  elenaat  does  net  "shatter"  then  the  Msfe  atanattt  will  respond 
predominantly  in  a  structural  node  typical  of  f  Uxors!  and/or  nsttbrsne  behavior. 
For  this  aiso,  the  Fdf  will  take  a  different  fora  to  account  for  the  nub 
higher  probability  of  a  few  large  debris  nasses  (instead  of  many  eaaller 

the  type  of  notarial  in  the  neah  alenant  will  alto  influence  the  Fdf. 

For  exaaple,  if  the  neah  elenent  represents  a  steel  fra**  or  a tael  roof  truss, 
the  Pdf  should  account  for  the  higher  probability  of  large  debris  naesas, 
regardless  of  the  proxialty  of  explosives.  All  available  experimental  data 
will  be  utilised  to  account  for  effects  of  design  parameters,  such  *s  rebar 
site,  rebar  spacing,  concrete  compressive  strength  and  aggregate  siae. 

In  neat  cases,  the  choice  of  neah  cleswmts  will  represent  individual 
structural  coeponents  of  the  building.  In  sane  cases,  two  nosh  elements  will 
be  used  to  represent  a  structural  coaponent,  such  as  a  wall  slab.  For  exaaple, 
if  a  structural  analysis  indicates  that  the  slab  will  fail  prematurely  in 
shear,  then  one  "periamter"  mesh  element  would  represent  the  region  near  its 
perimeter;  the  other  would  represent  the  center  region  expected  to  "blow-out" 
ss  a  few  large  debris  missiles.  The  "perimeter"  nesh  element  would  have  on 
exponential  Pdf  for  debris  mss  typical  of  concrete  rubble  (large  number  of 
swill  aissiles)  associated  with  a  shear  failure.  The  other  nesh  element  would 
have  a  Pdf  that  reflects  the  higher  probability  of  a  few  large  Msecs  associated 
with  the  center  portion  of  the  slab. 

Drsc  Area.  Drag  area  is  defined  as  the  cross-sectional  area  normal  to 
the  flight  direction  of  the  debris  nissile.  The  drag  area  cannot  he  determined 
precisely  since  the  actual  shape  and  flight  attitude  of  each  debris  Missile  is 
unknown.  Furthermore,  the  debris  nissile  My  tumble  or  spin  during  its  flight, 
causing  the  dreg  s res  to  vary  throughout  its  trajectory.  Thus,  the  drag  area 
can  be  specified  only  within  a  range  of  possible  values. 

The  complexity  of  the  problem  will  be  simplified  by  assuming  the  debris 
missile  has  a  constant  drag  area.  A,  representing  the  average  drag  area  through¬ 
out  its  flight.  Recognising  that,  the  drag  area  must  be  proportional  to  its 
Mas,  i.e.,  e  large  debris  missile  is  more  likely  to  have  a  large  drag  area 
leads  to  the  following  relationship. 

A  =  k(~j  ,  for  a  debris  missile  resulting  froe  (2a) 

v  V  2-dimencional  break-up 


A 


‘(f) 2/3 


for  a  debris  missile  resulting  from 
3-dimensional  break-up 


(2b) 


where  A  =  drag  area  of  the  debris  missile,  ft8 
a  =  mss  of  debris  missile,  lb 


p  ■  specific  demaity  of  totals  missile,  lb/ ft* 
t  ■  thickness  of  the  assh  slsamat,  ft 
It  ■  flight  step*  factor 

A  totals  missile  asp  be  the  result  of  either  2-dimeaaiaaal  or  S-tomMsioaal 
bmNf  ftoa  the  eoeh  elesnat.  Criteria  nut  he  developed  in  the  study  to 
eatimta  if  a  rondos  debris  elsslle  is  the  result  of  2-  or  3-dfcMusiemtl 
break-up.  Gives  that  the  debris  missile  results  froa  2-diauueioaal  break-up, 
the  possible  values  for  k  range  froa  1.0  to  X,  where  X  is  the  ratio  of  the 
aesh  element  thickness,  t,  to  the  characteristic  length  of  the  debris  aissile, 
i.  A  possible  probability  daoaity  function  for  k  is  shown  in  Figure  5b  with 
possible  values  of  k  ranging  froa  1.0  to  X.  Qivon  that  the  debris  aissile 
results  froa  3-dlaenaional  breek-ap,  the  factor  k  is  the  product  of  the  flight 
attitude  factor,  k',  and  the  shape  factor,  kM.  For  a  sphere,  k*  *  1.0  and 
kM  *  1.21,  so  that  k  ■  1.21.  For  a  cube,  kM  *  1.0  end  1.0  <  k'  <  *47,  to  that 
1.0  <  k  <  *47.  Definition  of  the  factor  k  for  other  possible  shapes  of  s 
debris  aissile  is  acre  involved  and  requires  further  study. 

The  coaputational  process  to  arrive  at  the  vslue  for  the  drag  area  will 
proceed  aa  follows.  Inputs  to  the  nodal  will  be  Pdf's  for  the  factors  k  and 
k' .  After  the  nodel  has  selected  s  Monte  Carlo  random  aanple  for  the  debris 
nasa,  the  node I  will  date  mine,  froa  "break-up”  criteria  yet  to  be  developed, 
if  the  niasile  represents  2-  or  3-dinenaional  break-up,  next  select  a  Monte 
Carlo  raadea  saaple  for  k  or  k”  froa  the  appropriate  Pdf,  and  finally  eatinate 
the  drag  area  of  the  debris  aissile  using  either  Equation  2a  or  2b  based  on 
application  of  the  break-up  criteria. 

Criteria  for  break-up  are  incoaplete  at  this  tine  but  expected  to  be  a 
function  of  one  or  nore  of  the  following  factors:  structural  characteristics 
of  the  aesh  eleaeat,  value  of  a/p  relative  to  the  concrete  volume  between 
orthogonal  reinforcing  bars,  intensity  and  duration  of  the  shock  and  gas  loads 
acting  on  the  aesh  eleaent,  ainiaua  scaled  distance  froa  the  aesh  dleawnt  to 
the  nearest  explosive  charge,  HEW  of  the  nearest  explosive  charge,  knd  the 
scaled  thickness  of  the  aesh  eleaent. 

Launch  Velocity.  Shock  pressures  are  the  result  of  shock  waves  generated 
by  tiie  detonation  of  each  explosive  charge.  The  incident  waves  strike  the 
surfaces  and  contents  of  the  structure  and  are  reflected.  The  reflected  waves 
bounce  back  and  forth  between  all  surfaces  to  produce  shock  pressures  acting 
on  the  interior  surface  of  each  aesh  eleaent.  The  shock  pressures  are  typically 
high  but  decay  rapidly  as  the  energy  in  the  shock  WAvea  rapidly  dissipate. 

The  heat  energy  released  by  each  detonation  and  the  subsequent  afterburning 
raises  temperatures  of  the  sir  and  gaseous  by-products  of  the  explosion.  This 
generates  gas  pressures,  in  addition  to  shock  pressures,  in  the  seam  time 
period.  The  gas  pressure  inside  the  structure  will  rise  to  some  peak  vslue, 
depending  on  the  ratio  of  the  total  explosive  weight  to  volume  of  the  structure. 
The  gas  pressures  gradually  decay  as  gas  temperatures  drop  and  gases  vent  froai 
the  structure  through  windows  and  other  openings  created  by  break-up  of  siesh 
eleaents.  The  peak  gas  pressure  la  typically  small  compared  to  the  peak  shock 
pressure  but  its  duration  can  be  many  times  greater  than  the  duration  of  the 
shock  pressure,  depending  on  the  total  window  ares;  nuts* ,  area,  perimeter,  and 
number  of  doors;  and  the  resistance,  behavior,  and  mass  of  mesh  elements. 
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The  time  history  of  tho  combined  shock  sad  gas  letdlu  ud  msltlat 
dynamic  response  of  the  building  tad  typical  aaah  elaaaut  an  iUaetraUd  1a 
fl(ura  6.  A  computer  program  will  be  developed  to  generate  a  mesa  estiaata  of 
thw  launch  velocity  for  each  aaah  element,  defined  aa  the  predicted  velocity 
at  the  end  of  the  duration  of  combined  loading  oa  the  aaah  elmuent.  The 
computational  process  will  involve  an  iterative  process  which  secants  for 
effects  of  reflecting  surfaces  of  the  building,  MV  and  location  of  charges, 
window  area  and  structure  voluew,  tlae  variations  in  the  vent  area,  volaaw  of 

structure  the  strain  energy  capacity,  and  aaaa  and  location  of  noth  eloaanta , 
For  each  tine  increaent,  the  prograa  will  assume  a  gas  pressure;  calculate  the 
acceleration,  velocity  and  diaplacnent  of  each  aaah  elaaeat;  determine  the  new 
voluae  and  affective  vent  area  of  the  structure  (window  area  plus  the  difference 
between  the  surface  area  of  the  distorted  and  original  shapes  of  the  building); 
and  then  use  these  new  values  to  recalculate  the  gee  pressure.  The  process 
will  be  repeated  until  the  difference  between  the  assuaed  and  calculated  gas 
pressures  ia  leas  than  aoae  prescribed  value.  The  iteration  process  will  be 
continued  until  the  tlae  when  the  pressure  reaches  aero.  The  velocity  of  the 
aesl*  element  at  this  tlae  will  be  defined  as  the  aean  launch  velocity  of  the 
eleaent. 

This  computer  prograa  will  be  isolated  froa  the  debris  prediction  aodei. 

It  will  Incorporate  all  available  knowledge  for  predicting  blast  loada  and 
dynaaic  response  and  behavior  of  structures.  Output  froa  the  prograa  will  be 
the  aean  estimate  of  the  launch  velocity  for  each  aesh  eleaent  in  the  building. 

The  computational  process  will  require  assumptions  that  Introduce  uncer¬ 
tainty  into  the  predicted  launch  velocities.  These  uncertainties  will  be 
accounted  for  in  the  Pdf  assigned  to  the  launch  velocity,  aa  illustrated  in 
Figure  5c 

.  .  Launch  Angle.  Investigation  have  observed  the  launch  characteristics  of 
debris  from  explosions  in  test  structures  (Ref  1).  These  observations  indicate 
that  the  launch  angle  of  debris  missiles  ia  predominantly  normal  to  the  surface 
of  the  building,  i.e.,  0  =  0®  for  debris  from  walla  and  0  =  90®  for.  debris 
from  flat  roofs.  Very  few  debris  miaailea  were  observed  at  nonnormal  launch 
angles .  Thus  the  Pdf  for  launch  angle  will  probably  be  represented  by  a  very 
narrow  Gaussian  distribution  aa  shown  in  Figure  5d 

Drag  Coefficient.  Records  of  debris  from  accidents  and  small-  and  large- 
scale  teats  involving  explosions  inside  buildings  indicate  that  debris  missies 
are  produced  in  many  shapes  and  sizes  (Ref  1).  Missiles  range  from  chunky  to 
pancake  shapes  and  from  very  small  sizes  less  than  aggregate  size  to  large 
sizes  typical  of  whole  sections  of  a  building.  Further,  a  debris  missile  may 
apin  or  tumble  during  flight.  Little  information  is  available  on  the  drag 
coefficient  for  auch  a  wide  variety  of  shapes  and  orientations.  Any  studies 
to  determine  the  drag  coefficient  for  all  combinations  of  ahapes  and  orienta¬ 
tions  would  be  very  costly  and  hardly  meaningful  since  their  orientation 
during  flight  is  unknown.  In  view  of  the  above,  the  range  of  possible  values 
for  the  drag  coefficient  will  be  represented  by  a  uniform  probability  distri¬ 
bution  that  includes  the  range  of  possible  values  for  stable  orientations,  aa 
shown  in  Figure  5a.  Limits  for  the  drag  coefficient  will  be  0.47  (smooth 
sphere)  and  1.98  (flat  plate)  (Ref  9). 
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To  illustrate  the  technique  and  validity  of  the  probabilistic  approach 
for  prodlctioo  of  the  dabria  haaarda ,  a  alaailo  rework  building  in  Koval 
ttoapons  Station,  Seal  leach,  Calif.,  baa  beta  choaen  as  a  "typical"  case  for 
analysis.  Ike  building  ia  a  rectangular  box  (dinensions:  length  *  260  feet, 
width  *  145  feet,  height  *  25  feet)  with  9* inch  concrete  walla.  The  flat  roof 
of  the  building  ia  Mae  of  corrugated  sheet  Mtal,  which  will  be  easily  blown 
off  in  caae  of  an  accidental  explosion. 

The  explosive  Unit  (Class  1.1)  for  the  building  ia  25,000  lb,  and  the 
Explosive  Safety  Quantity  Distance  (ES(JD)  ia  1,250  feat.  The  Net  Explosive 
Weight  (XXV)  will  probably  be  scattered  and  varied,  but  assigned  concentrated 
at  the  center  of  the  floor. 

Pebrie  Initial  Launch  Conditiona  Aaalyals 

Blast  Inpulae  Loading.  Because  of  the  rectangular  shape  of  the  building, 
the  aasuned  location  of  toe  explosives  is  closer  to  the  front/back  well  then 
to  the  side  vails.  It  is  thus  store  conservative  to  select  the  front/bsck  wall 
aa  the  base  for  detenaiulng  the  nost  critical  debris  hazard  distance.  Also, 
because  of  the  frangible  characteristics  of  the  sheet  natal  roof  and  doors, 
the  condition  of  an  accidental  explosion  can  be  considered  "fully  vented." 

The  scaled  unit  blset  inpulse  for  the  front/back  wall  is  obtained  fron 
NAVFAC  P-397,  Figure  4-56: 

!b  *  210  psi-ns/lb1/3 

The  actual  unit  blast  inpulse  la  then, 

i^  =  6.138  psi-sec  -  883.87  psf-sec 

Initial  (Launch)  Velocity.  The  initial  debris  velocity  is  derived  fron 
the  principle  that  all  the  blast  energy  transform  into  wall  kinetic  energy, 
i.e. 


where  n  =  nass  per  unit  wall  area 
For  a  9-in.  concrete  wall,  the  mss  per  unit  wall 

i  *  (|  ft)  x  150  lbn/ft3  *  112.5  lbn/ft2 


area  is: 

a  3.494  lbf-sec2/ft3 


v 
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=  MU2  ft/gec 

3.494  tt/,ec 
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This  is  the  estimated  asut  average  debris  velocity,  however,  doe  to  the 
noaunifons  blest  loading  on  the  well ,  plus  other  uncertsinties  associated  with,., 
the  calculation,  it  is  expected  that  not  all  the  debris  missiles  trill  have  the 
same  initial  launch  velocity.  To  account  for  this  variation,  it  is  assumed 
that  the  initial  velocity  of  dabria  can  vary  190  ft/sec  from  th»  mean  value, 
i.e. , 


vi  man  3  3*3  <t^*ec  \  MgB  ®  253  ft/aec  v£  Mia  *  163  ft/aec 


launch  Anile.  Xo  natter  from  what  angle  the  blast  wave  impinges  on  the 
wall,  tSe  reaction  blast  pressure  and  loading  on  the  wall  will  be  normal  to 
the  wall  surface.  If  the  wall  la  brittle  and  fails  instantly,  then  the  debris 
launch  angle  will  be  mainly  (normal  to  the  well  (0  *  0*).  However,  if  the 
wall  structure  is  ductile,  then  the  wall  will  be  distorted  or  bent  before 
failure,  and  the  debris  launch  angles  will  be  normal  to  the  deflected  wall  as 
shown  in  Figure  7. 

For  conservative  estimation,  it  is  assumed  that  the  building  wall  fails 
in  a  fixed-end  ductile  mode  with  a  maximum  incipient  rotation  angle  at  12* 
which  will  impose  the  maximum  debris  impact  range.  Thus,  it  is  reasonable  to 
assign  the  debris  launch  angle  vary  from  -12*  to  12*,  i.e. 


*  12* 


mean 


0* 


“.in'  ■  -12‘ 


Debris  Maas.  A  more  difficult  and  challenging  problem  is  the  determina¬ 
tion  of  debris  missile  sixes  or  masses.  No  theory  has  been  successfully 
developed  to  predict  either  the  total  number  of  the  debris  missiles  or  the 
sixe  (mass)  distribution  of  the  debris  missile.  For  preliminary  analysis,  we 
again  assume  the  biggest  debris  missile  to  be  500  lb,  and  the  smallest  debris 
missile  be  0.01  lb  thus, 


500  lb  !^in  =  0.01  lb 


Draa  Coefficient  and  Drag  Area.  Because  both  the  debris  missile  shape 
and  flight  attitudes  are  varied  from  debris  missile  to  debris  missile,  the 
exact  value  of  the  individual  debris  drag  and  drag  area  will  be  extremely 
difficult  to  predict.  However,  the  drag  area  oust  be  proportional  to  the 
debris  missile  mass,  and  the  drag  coefficient  can  be  limited  between  a  smooth 
sphere  and  a  flat  plate  normal  to  the  flight  direction.  .Thus: 

Cd  u£  »  1.98  (flat  plate)  *  0.47  (smooth  sphere) 


‘d  ..  *  k  (w)2/3  ft"  *  2  23  k“2 


*d  .in  *  k  (M1)2^  ft2  *  »  °»16  k 
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where  shape  factor  k  *  J.  for  cube 


k  *  1.21  for  sphere 

Dgterginiatlc  Approach:  Marital  Inpact  Ranee 

After  obtaining  the  range  Units  of  the  debris  nissile  launch  and  flight 
parameters,  it  is  feasible  to  predict  the  maximum  possible  iapact  range  of  the 
fictitious  "worst"  debris  nissile  by  using  a  point -mss  drag  trajectory  coaputer 
prograa  (e.g.,  BSWC,  White  Oak  TRAJ  Program).  The  "worst"  debris  nissile  is 
being  defined  sa  the  one  which  has  the  largest  ness,  fastest  initial  velocity 
and  optimal  launch  angle,  but  the  saalleat  drag  coefficient  and  ainiania  frontal 
drag  area.  For  the  aaaple  case,  it  becomes, 

M  *  500  lb,  V.  =  343  ft/sec,  0  =  12s 

Ad  ■  (2.23  k)  ft2,  k  =  1,  Cd  =  0.47 

Hq  =  25  ft  (initial  launch  height) 

With  the  above  debris  missile  launch  conditions  and  flight  characteristics,  it 
is  determined  that  the  impact  range  is  1,400  feet  with  a  terminal  kinetic 
energy  equal  to  7.37  *  10*  ft-lb. 

The  above  deterministic  approach  for  prediction  of  the  naxiaua  safety 
range  is  ultra  conservative  because  it  assunes  the  worst  possible  value  for 
each  of  the  debris  launch  and  flight  characteristics.  In  reality,  the  largest 
debris  nissile  does  not  necessarily  launch  at  the  maximum  velocity  and  at  the 
highest  angle,  and  flight  with  the  smallest  drag  coefficient  and  drag  area. 

Thus,  the  chances  for  an  actual  debris  nissile  to  inpact  at  the  "worst"  dis¬ 
tance  is  extremely  small. 

Another  technical  difficulty  for  adopting  this  naxiaua  possible  inpact 
range  as  the  safety  distance  arises  froa  the  fact  that  deterministic  calcula¬ 
tion  for  the  single  debris  missile  cannot  demonstrate,  nor  indicate  whether 
there  is  more  than  one  hazardous  debris  nissile  per  600  ft2  of  ground  surface 
area.  Therefore,  the  result  cannot  be  adequately  used  as  a  means  to  determine 
the  Explosive  Safety  Quantity  Distance  (ESQD)  based  on  DDESB  standard  criteria. 

Probabilistic  Approach  and  Solution 

Mesh  Element.  The  upper  half  of  a  central  column  on  the  front  wall 
(24.5  feet  x  12.5  feet)  has  been  selected  as  the  typical  mesh  element  to 
illustrate  the  probabilistic  methodology  (Figure  8).  The  reason  for  choosing 
only  the  upper  half  instead  of  the  whole  column  is  because,  assuming  a  ductile 
wall  failure  mode,  only  those  debris  missiles  from  the  upper  half  wall  will 
contribute  to  the  outer  range  of  the  critical  debris  histogram  and  thus  decide 
the  safety  range.  The  total  weight  of  the  mesh  element  is  thus 

(24.5  x  12.5  x  0.75)  ft3  x  150  lbm/ft3  =  34.453  lbai 


Initial  Velocity  -  Froa  the  building  and  charge  characteristics,  the 
average  nean  velocity  of  the  debris  aissiles  has  been  determined.  Obviously, 
not  all  the  debris  aiasilea  will  eject  at  exactly  the  aaae  velocity  because 
their  locations  and  uncertainties  vary.  The  variation  of  the  debris  initial 
launch  velocity  can  then  be  assuaed  to  be  a  noraal  (or  Gaussian)  probability 
density  function  (Figure  9)  with  a  nean  equal  to  253  ft/sec,  and  standard 
deviation  (a)  equal  to  30  ft/sec  (3a  =  90  ft/sec,  corresponding  to  the  previous 
estiaated  aaxiaua  value). 

launch  Angle  -  To  be  conservative,  it  is  assuaed  the  wall  will  fail 
at  a  aaziausT Incipient  failure  angle  of  12°.  Theoretically,  the  debris  aissile 
froa  the  top  of  the  aesh  eleaent  will  have  a  launch  angle  12s,  while  the 
debris  aissile  froa  the  bottoa  of  the  aesh  eleaent  will  have  a  aero  launch 
angle.  All  the  debris  aissiles  in  between  will  have  launch  angles  between  0° 
and  12s.  Thus,  it  is  reasonable  to  adopt  an  unifora  probability  density 
function  with  liaits  froa  0°  to  12°  (Figure  9). 

Debris  Mesa  -  Observation  of  debris  froa  accidental  explosions 
reveals  that  debris  aiasilea  vary  greatly  in  size  and  shape.  There  is  no 
theory  yet  developed  to  predict  the  aass  distribution.  However,  eapirical 
data  froa  various  building  structures  (Ref  1  to  4  and  10)  do  suggest  that  the 
best  fitting  aass  distribution  curve  is  the  exponential  function  with  a 
diminishing  nuaber  of  large  debris  aissiles  (Figure  9). 


where  a  =  aean  value  (required  to  be  input  to  the  I MSI  subroutine) 

Then  integrating  to  obtain  the  nuaber  of  debris  aissiles  in  between  two 
debris  aasses , 


M_ 


aax 


aax 


N  =  j  f(x) 
Main 


dx  = 


1  -  e 


(f°rMBin  =0) 


And  assuaing  the  biggest  debris  chunk  for  every  1,000  debris  aissiles  is 
500  lb,  then 

»  *  iM;  *  n  lb 


Using  this  aean  aaaa  and  the  total  aaaa  of  the  aesh  eleaent,  we  deteraine 
the  total  nuaber  of  the  debris  aissiles  froa  this  aesh  eleaent  is 


S  m  »  478  debris  missiles 


The  expected  biggest  debris  missile  frosi  this  mesh  elesent  will  be 
=  72  (La  478)  =  444  lb 

which  is  in  reasonable  agreement  with  the  previous  estimated  linit  value  of 
500  lb. 


Drag  Area  k  Factor  -  Because  of  the  random  pattern  of  debris  aissile 
shape,  it  is  very  difficult  to  determine  the  k  factor  which  related  the  drag 
area  to  the  debris  mass,  furthermore,  the  drag  area  might  vary  with  the  time 
in  flight  in  the  event  of  instability  (e.g.,  tumbling  or  spinning).  Thus,  for 
approximation,  it  is  assumed  the  k  factor  will  have  a  normal  distribution  with 
mean  value  of  1  (corresponding  to  a  cubic  shape  debris  aissile  without  tumbling) 
and  standard  deviation  of  0.2  (Figure  9). 

Drag  Coefficient  -  The  drag  coefficient  not  only  depends  on  the 
shape  of  the  debris  missile,  but  also  on  the  flight  attitude  of  the  debris 
aissile.  Due  to  the  randomness  and  uncertainty  on  both  the  debris  missile 
shape  and  flight  attitude,  it  is  only  feasible  to  assume  a  uniform  probability 
density  function  (Figure  9E)  with  lower  linit  of  0.47  (corresponding  to  a 
smooth  sphere)  and  upper  linit  of  1.98  (corresponding  to  a  flat  plate). 

Output  from  Monte  Carlo  Trajectory  Simulation.  With  the  above  five  input 
parameters,  a  Monte  Carlo  multiple  trajectory  simulation  has  been  successfully 
I  completed.  The  total  number  of  Monte  Carlo  runs  was  selected  to  be  478  in 

J  accordance  to  the  total  number  of  the  expected  debris  missiles.  The  result  of 

the  simulation  is  a  histogram  (Figure  1C)  which  depicts  the  distribution  of 
critical  debris  missiles  (>  58  ft-lb)  versus  debris  Impact  range  (l.bin  length 
equal  to  24.5  feet).  Uaing  DDESB  debris  criteria,  it  is  not  difficult  to 
;  determine  the  safety  distance  from  this  histogram,  which  is  just  1,250  feet, 
j  The  safety  distance  based  on  the  deterministic,  ultra-conservative  calculation, 

•  1,480  feet,  is  also  shown  in  Figure  10  for  comparison. 


CONCLUSIONS 

The  sample  case  demonstrates  the  applicability  of  the  probabilistic 
approach  to  the  debris  hazard  problem,  although  teat  data  are  lacking  to 
verify  the  prediction.  It  must  be  emphasized  that  all  five  input  probability 
density  functions  are  crude  and  unsophisticated  for  preliminary  demonstration 
purposes  and  can  be  easily  improved  or  modified  when  more  empirical  data 
and/or  theories  are  developed.  The  Monte  Carlo  random  trajectory  simulation 
program  will  be  further  developed  to  include  the  initial  launch  height,  nega¬ 
tive  launch  angle,  and  multiple  mesh  elements.  Field  tests  on  various  building 
and  charge  characteristics  are  also  planned  for  later  stages  of  the  project  to 
obtain,  improve,  and  verify  the  five  input  probability  density  functions 
(Ref  11). 
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The  coaqputatioa  tine  of  the  478  Monte  Carlo  random  trajectory  runs  is 
$0.5  AESR  units,  which  coat  NCBL  roughly  $25,  or  $21  if  run  overnight,  or  $16 
if  run  during  the  weekend.  The  possibility  of  using  trajectory  data  based  on 
a  table  of  ballistic  coefficients  to  save  computation  time  will  be  investigated 
in  parallel  with  the  current  program. 
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ABSTRACT 


Aarfal  photography  has  broad  applicability  to  a  varlaty  of  flalds. 
Its  primary  adventagas  aro  tha  synoptic  overview  and  Its  cost  effec- 
tfvanass.  This  paper  discusses  how  aerial  photographs  nay  be  analysed 
to  develop  Information  on  <tebr1s  patterns  and  size.  This  analysis  can 
produce  good  estimates  of  the  .reel  dietributio*  of  debrie  „d  -tie.** 
of  debris  size.  This  technique  has  potential  to  reduce  the  cost  of 
manpower  Intensive  ground  surveys  and  allow  selection  of  survey  areas 
based  on  high  debris  concentrations. 


AERIAL  PHOTOGRAPHY  APPLICATIONS  IN  DEBRIS  STUDIES 


MRoeycTK# 

Aerial  photography  has  boon  used  for  many  years  In  many  different 
branches  of  engineering  and  science.  Aerial  photographic  techniques 
have  been  used  and  are  used  today  as  the  basis  for  naps,  both  on  the 
surface  of  the  earth  and  across  the  vast  regions  of  space.  In  today's 
resource  critical  tlmas,  aerial  photography  has  proved  Its  application 
In  exploration  for  oil  end  precious  minerals  as  well  as  the  nanagenent 
of  many  of  our  natural  resources  such  as  water,  forests,  and  wild  life. 
This  paper  presents  what  we  believe  to  be  a  relatively  new  application 
of  aerial  photography.  This  application  Is  the  use  of  aerial  photo¬ 
graphy  In  support  of  debris  studies. 

PURPOSE 

The  purpose  of  this  paper  Is  to  demonstrate  potential  for  the  use 
of  aerial  photographic  techniques  In  debris  studies.  The  debris  study 
In  which  this  method  was  applied  was  the  study  of  the  debris  hazard 
caused  by  a  detonation  of  high  explosives  Inside  a  protective  structure. 

OBJECTIVES 


There  are  two  main  objectives  In  this  paper.  The  first  Is  to 
demonstrate  that  the  results  of  aertal  photographic  analysts  correlate 
well  with  traditional  analysis  methods  used  In  study  of  debris.  An 
example  from  a  recently  completed  debris  study  In  support  of  the  DISTANT 
RUNNER  High  Explosive  Test  Is  used  to  show  that  the  aerial  photography 
techniques  support  the  findings  of  the  traditional  manpower  Intensive 
debris  study. 

The  second  objective  is  to  demonstrate  that  aerial  photographic 
techniques  can  reduce  time  for  the  data  collection  effort  that  normally 


accompanies  a  debris  study,  and  could  allow  the  focusing  of  Manpower 
Intensive  Methods  on  those  areas  In  the  critical  zone  or  the  zone  of 
particular  Interest  for  the  debris  study.  Using  the  recently  couple ted 
DISTANT  RUNNER  Test,  1  will  show  that  the  time  to  perform  an  aerial 
photographic  debris  study  was  considerably  less  than  that  for  performing 
the  manual  debris  assessment.  Additionally,  I  would  suggest  that  this 
time  saving  could  be  used  effectively  by  allowing  the  manpower  Intensive 
debris  study  effort  to  be  focused  In  the  critical  region  or  the  region 
of  greatest  concern. 

BACKGROUND 

The  DISTANT  RUNNER  Test  Program  Is  the  basis  of  the  Information 
presented  In  this  study.  This  program  was  a  high  explosive  test  program 
sponsored  by  the  Defense  Nuclear  Agengy.  The  Contracting  Officer's 
Technical  Representative  was  Lieutenant  Colonel  Robert  Flory.  Several 
different  aspects  of  the  DISTANT  RUNNER  Test  Program  have  been  presented 
at  the  20th  Explosive  Safety  Symposium.  The  purpose  of  the  test  program 
was  to  reduce  the  quantity  distance  crtterla  for  third  generation  air¬ 
craft  shelters  In  Europe  and  the  Far  East.  Currently,  these  aircraft 
shelters  are  used  to  protect  and  store  aircraft  on  U.S.  Air  Force  bases 
and  allied  bases  throughout  the  world.  The  test  program  consisted  of  a 
series  of  Internal  and  external  explosions  to  test  the  structural 
Integrity  of  the  shelters.  Of  particular  Interest  for  this  paper  Is 
Event  5  in  the  test  series.  In  this  event  of  48  Mark-82  hombs  were 
detonated  simultaneously  tnslde  a  hardened  third  generation  aircraft 
shelter.  This  equates  to  approximately  9,168  lbs.  of  TNT. 

Quantity  distance  criteria  depend  on  both  the  blast  hazard  and  the 
fragment  hazard  caused  by  the  detonation  of  high  explosives  wtthin  a 
protective  shelter.  The  BDM  Corporation  was  involved  in  the  test  program 
In  providing  test  planning  and  summary  data  analysis  for  the  program. 

The  debris  study  was  a  vital  potnt  of  the  DISTANT  RUNNER  Test  Program. 
This  study  was  conducted  by  the  Naval  Surface  Weapon  Center  and  t.he 


principal  Investigator  was  Or.  Jerry  H.  Ward.  The  primary  focus  of  Or. 
Ward's  work  was  a  traditional  approach  to  debris  study.  This  tradi¬ 
tional  approach  Involved  the  preparation  of  debris  collection  sectors 
before  the  test,  the  actual  collection  of  the  debris  using  a  manual 
collection  and  cataloging  procedure,  the  measurement  of  the  debris,  and 
finally  the  analysis  of  the  data  generated.  Through  BDM's  association 
with  the  test  program,  I  met  Dr.  Ward  and  discussed  the  potential  new 
approaches  to  the  debris  distribution  study.  These  conversations  led  to 
the  concept  that  aerial  photography  could  be  used  In  conjunction  with, 
the  manual  debris  study  to  obtain  a  better  understanding  of  the  areal 
distribution  of  the  debris  on  the  test  bed. 

Traditional  debris  studies  are  carried  out  In  several  major  steps. 
In  the  pretest  phase,  a  debris  collection  fan  or  a  debris  collection 
area  Is  prepared  by  clearing  vegetation  and  spraying  with  dust  suppres¬ 
sant  to  make  the  collection  of  the  debris  fragments  after  a  test  easier. 
Following  the  preparation  of  the  debris  collection  fan  or  the  debris 
collection  area,  the  test  event  generally  takes  place.  During  the  test 
event  debris  from  the  structure  or  from  the  test  article  Is  scattered  on 
the  debris  fan.  Following  the  test  event,  collection  grids  are  measured 
or  layed  out  In  the  debris  collection  area  to  facilitate  the  debris 
collection  effort  and  also  to  determine  the  dtstrthution  of  the  debris 
across  the  collection  area.  Following  the  collection  effort,  the  debris 
Is  cataloged  and  measured.  Tn  the  case  of  the  DISTANT  RUNNER  Test, 
measurements  were  made  of  the  debris  size,  weight,  color  and  dimensions. 
Following  the  measurement  phase,  the  data  Is  tabulated  to  facilitate  the 
analysis  which  Is  the  final  stage  of  the  traditional  debris  collection 
approach. 

The  aerial  photographic  technique  differs  from  the  traditional 
approach  primarily  In  the  areas  of  the  debris  collection  and  tabulation. 
Debris  collection  fans  or  debris  collection  areas  must  be  established  to 
facilitate  the  photographic  Interpretation.  In  areas  of  minimal  vege¬ 
tation  ground  cover,  this  step  may  not  be  necessary.  High  contrast 
between  the  background  soil  and  the  fragment  is  desired  since  normal 
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photography  Is  In  the  vl sable  specttun.  There  are  a  wide  variety  of 
available  aerial  sensors  which  my  be  able  to  distinguish  thermal 
differences,  reflectance  differences  or  other  measurable  differences  In 
the  properties  of  the  debris  fragment  from  opposed  to  the  background 
material. 


As  was  mentioned  previously,  a  concept  for  the  use  of  aerial 
photography  and  debris  study  was  developed  by  myself  and  Dr.  Ward  during 
the  DISTANT  RUNNER  Test  Program.  Dr.  Ward  was  able  to  get  support  in 
performing  an  aerial  photographic  approach  to  a  debris  study  from  the 
Naval  Intelligence  Support  Center  (NISC)  In  Washington,  D.C.  They 
provided  photogrammetrlc  analysis  of  aerial  photos  flown  by  the  Williamson 
Aircraft  Company  of  New  Mexico  to  determine  the  debris  distribution 
In  two  of  the  DISTANT  RUNNER  Test  events.  This  photogrammetrlc  approach 
to  the  debris  study  Involves  taking  precise  measurements  from  photos 
based  on  the  location  of  known  surveyed  points  that  are  within  the  frame 
of  photography.  Information  on  the  debris  location  using  this  method 
was  plotted  to  approximately  ±  1  1/2  feet.  The  coordinates  of  the 
debris,  range  of  the  debris  fragment  to  the  shelter  and  azimuth  from 
the  shelter  was  determined.  Measurements  of  length  and  width  were  made 
of  the  debris.  This  particular  approach  requires  the  use  of  sophis¬ 
ticated  computer  programs  and  equipment  and  Involves  considerable 
amount  of  Image  Interpretation  training. 

An  Interpretative  approach  to  the  use  of  aerial  photographic  methods 
and  debris  studies  Is  now  presented.  This  Interpretative  approach 
provides  the  areal  distribution  of  debris  by  the  use  of  a  grid  counting 
procedure.  The  grid  count  will  be  explained  In  the  following  section 
of  this  paper  to  Illustrate  the  success  of  the  method  in  predicting 
the  debris  hazard  criteria.  Debris  size  estimates  were  also  developed 
using  the  Interpretative  approach.  Techniques  for  performing  a  grid 
count  and  size  estimates  are  derived  from  fairly  standard  aerial 


INTERPRETATIVE  CONCEPT 


Figure  1 
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photographic  Interpretive  techniques  generally  used  In  the  forestry 
1ndustry>  These  techniques  are  used  to  determine  the  percent  cover  of 
an  area  by  a  particular  vegetation  type.  General  estimates  of  the  size 
of  the  debris  In  each  collection  cell  were  also  Made  using  procedures 
adopted  from  forestry  studies.  The  advantage  of  the  Interpretative 
approach  to  a  debris  study  Is  that  It  is  a  fairly  simple  method.  It 
derives  Information  directly  from  the  photographs  with  no  sophisticate 
equipment.  It  Is  relatively  quick  and  easy  and  can  provide  a  first 
order  screening  and  good  quantitative  results. 

Figure  1  Illustrates  an  Interpretative  concept  towards  the  planning 
execution  and  subsequent  analysis  of  an  aerial  photographic  method  used 
for  debris  study.  In  the  pretest  phase,  the  major  thrust  of  the  activ¬ 
ity  Is  In  planning.  It  is  advisable  that  aerial  photographic  coverage 
be  prepared  which  can  be  used  as  a  baseline  In  the  subsequent  analysis. 
This  baseline  establishes  the  condition  of  the  test  bed  before  the 
explosive  event.  During  this  planning  phase,  a  series  of  survey  points 
should  be  placed  to  facilitate  the  Interpretation  by  providing  control 
points  for  the  analysis  phase.  Also  during  the  planning  stage,  pro¬ 
cedures  should  be  established  for  the  acquisition  of  the  photography. 

Its  processing,  and  subsequent  Interpretation. 

During  the  testing  phase,  the  primary  emphasis  Is  on  collecting 
data.  During  this  phase,  the  photographs  are  checked  as  they  are  flown 
to  make  sure  that  adequate  area  coverage  has  been  obtained  of  the  area. 
Various  types  of  cameras  or  other  sensing  systems  such  as  Infrared 
sensors  or  radar  sensors  may  be  employed  for  special  purposes  In  the 
data  collection  effort.  Film  types  may  also  be  selected  to  optimize  or 
provide  specific  results  concerning  vegetation,  thermal  characteristics 
or  other  measurable  properties.  In  this  phase,  the  execution  of  the 
collection  scheme  devised  during  the  planning  stage  Is  completed.  The 
collection  scheme  Insures  that  the  photographic  and  engineering  criteria 
have  been  met  and  that  overlap  and  si delap  provide  the  stereographic 
projection  necessary  In  an  analysis. 
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In  the  posttest  phase*  the  wphasls  Is  on  the  analysis  of  the  4»t» 
collected  during  the  testing  phase.  In  this  phase*  In  the  Interpre¬ 
tative  concept*  the  debris  fragments  are  located  and  courted,  estimates 
are  made  of  their  site,  and  Information  concerning  the  explosive  effects 
can  be  determined  from  the  photographs. 

In  Figure  2,  the  Interpretation  methodology  employed  In  performing 
the  analysis  of  the  Event  S  photographic  Information  from  the  DISTANT 
RUNNER  Test  1$  Illustrated.  Indicated  on  the  bottom  of  the  cartoon  Is 
the  actual  test  bed.  Above  the  test  bed  the  coverage  provided  by  the 
various  flight  lines  Is  shown.  In  the  DISTAN1  RUNNER  Test,  color  aerial 
photography  was  flown  of  the  test  area  at  a  variety  of  altitudes  and 
photo  scales.  Above  the  sensor  coverage  I  have  illustrated  a  collection 
grid  which  I  employed  to  count  the  debris  and  note  Its  distribution. 

The  uppermost  Item  Is  the  data  sheet  on  which  the  debris  counts  and  size 
estimates  were  transcribed.  In  applying  this  method  of  Interpretation, 

I  would  like  to  note  the  following.  The  scale  of  photography  was 
approximately  1:720.  This  photo  scale  was  good  enough  to  determine 
debris  fragment  size  to  approximately  6  Inches  in  linear  dimension.  A 
debris  fragment  of  this  size  would  have  an  approximate  weight  of  5  to 
10  lbs.  for  a  concrete  fragment  and  Is  somewhat  above  the  actual  debris 
hazaro  criteria  used  to  determine  quantity  distance  relationships.  Two 
techniques  were  used  to  determine  the  debris  count  in  each  grid  cell. 

The  primary  interpretation  was  Individual  debris  count.  This  was  per¬ 
formed  by  physically  counting  the  vlsable  debris  fragments  in  each  grid 
cell  or  by  estimating  a  percent  cover  of  the  grid  cell  by  debris  frag¬ 
ments.  A  second  method  of  determining  debris  count  was  done  using  an 
estimation  technique.  Percent  cover  estimates  were  made  from  a  forestry 
service  approach  which  compares  a  known  coverage  density  template  to  the 
actual  test  bed  density  coverage.  Knowing  the  size,  density  and  the 
area  of  the  cell,  debris  count  approximations  could  be  made. 

Debris  in  the  collection  fan  could  easily  be  Identified  using  a 
traditional  Interpretative  criteria  of  size,  shape,  shadow,  texture,  and 
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tOM.  In  the  areas  that  had  been  cleared  for  the  manual  debris  effort. 
Interpretation  effort  was  relatively  easy. 

Estimates  of  the  size  of  the  debris  were  based  on  a  comparison  to  a 
template  which  had  known  scale  size  dots  on  It.  I  did  not  pursue  any 
further  Interpretation  or  analysis  of  the  debris  size  Information, 
although  It  may  be  of  some  use  In  other  studies.  Two  problems  were 
encountered  In  the  debris  count  Interpretation.  This  particular  side  of 
the  shelter  was  vegetated  by  desert  scrub  brush  and  In  the  areas  adjacent 
to  the  debris  fan,  the  brush  tended  to  mask  of  the  debris.  Secondly, 
not  all  areas  of  the  debris  collection  area  were  covered  with  stereo 
photography.  Gaps  existed  in  the  stereo  photography  and  limited  the 
Interpretation  approximately  900  feet  away  from  the  shelter.  The  stereo¬ 
scopic  coverage  provides  vertical  exageratlon  which  Is  a  great  asset  In 
Identifying  the  debris  fragments.  In  these  gap  areas,  a  luono-lnter- 
pretatlou  technique  was  used  wherein  the  debris  was  counted  without  the 
benefit  of  the  stereoscopic  coverage. 

In  Figure  3,  I  have  Indicated  the  analysis  methodology  which 
Dr.  Ward  developed  In  his  debris  analysis.  I  use  it  here  for  simplicity 
In  making  direct  comparison  of  the  Interpretative  approach  to  the 
manual  approach.  On  the  left  hand  side  of  the  figure,  we  see  the  debris 
collection  fan.  I  used  a  10  degree  fan  which  extended  slightly  beyond 
the  5  degree  fan  used  for  the  manual  Interpretation  technique.  This 
allowed  me  to  see  the  difficulty  in  performing  an  interpretation  out¬ 
side  the  prepared  area.  The  jagged  edges  of  the  debris  collection  fan 
represent  the  masking  of  my  collection  grid  onto  the  debris  collection 
fan.  In  performing  the  analysis,  I  used  an  Apple  minicomputer  with 
the  VI si calc  software  program.  The  debris  grid  counts  were  transcribed 
into  the  Vlslcalc  program  and  analysis  performed.  A  detailed  explana¬ 
tion  of  the  analysis  methodology  can  be  found  in  Or.  Ward's  publication. 
Debris  counts  were  summed  across  the  rows  as  indicated  In  the  hash- 
marked  area.  N  represents  the  actual  count  of  debris  with  a  dimen- 
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sion  greater  than  six  tenths  of  a  foot.  A  comparison  to  the  allowable 
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debris  fragments  for  this  are*  based  on  the  criteria  of  one  Impact  par 
600  square  feet  was  made.  This  Is  represented  by  N^.  The  range  (R) 
to  the  row  In  the  collection  grid  was  Indicated  further  to  the  right  In 
the  Vlslcalc  program.  With  these  values  three  measurement  peremeters 
ware  derived  which  were  plotted  In  subsequent  figures.  The  first  (Figure 
4 )  Is  the  actual  debris  count  plotted  against  range  and  yield.  Dividing 
the  number  of  debris  fragments  actually  counted  in  the  row  by  the 
allowable  number  of  debris  fragments  for  that  row  for  a  criteria  of  1 
impact  per  600  square  feet  normalized  the  data  and  provided  the  vertical 
axis  In  these  plots.  This  Information  was  plotted  against  the  scale 
range  for  the  test  event. 

Figure  4  shows  the  debris  distribution  plot  to  the  side  of  the 
shelter  In  Event  5  of  the  DISTANT  RUNNER  Test.  The  triangles  represent 
the  data  collection  points  as  determined  by  Dr.  Hard  In  the  traditional 
approach.  The  boxes  represent  the  aerial  photo  grid  count.  It  can  be 
seen  that  the  data  generally  lie  along  the  same  trend  line.  A  simple 
linear  regression  of  the  data  and  derived  the  following  equation. 

R/W  1/3  -  -18.9  (Log  N/Na)  +  64.7 

r2  ■  .9579  where  r2  ■  m  — 

y 

It  can  be  seen  that  the  data  did  not  extend  across  the  debris  hazard 
criteria  level  of  one  debris  fragment  per  600  square  feet.  An  extrap¬ 
olation  of  the  data  Indicated  that  the  scaled  range  for  a  debris  hazard 
crlteHa  of  1  Impact  per  600  square  feet  would  be  approximately  64.7 

R/w1^3. 

Dr.  Hard,  In  his  work,  found  that  In  doing  the  debris  study  for 
many  debris  fans  In  the  DISTANT  RUNNER  Test  that  the  raw  data  often 
did  not  provide  a  distinct  trend  line  to  the  criteria  level.  To  help 
smooth  the  data  he  performed  an  averaging  routine  fn  which  a  mean 
TJTTflJ.  Na  value  Is  assigned  to  the  midpoint  of  the  fan.  To  do  this. 
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R/Wi/3 

Figure  4 


he  took  the  total  debris  count  of  fragments  picked  up  In  the  annual 
collection  and  divided  It  by  the  total  allowable  fragments  for  the 
entire  fan.  The  resulting  value  was  assigned  a  range  at  the  midpoint  of 
the  debris  fan.  Subsequest  points  were  determined  by  sequentially 
taking  away  the  actual  debris  count  In  a  sector  closest  to  the  shelter 
and  the  allowable  debris  count  for  that  sector.  This  averaging  process 
smoothed  the  data.  That  same  calculation  was  formed  with  the  aerial 
photographic  study  and  both  the  manual  and  aerial  plots  are  shown  In 
Figure  5.  With  this  data*  a  linear  regression  of  the  photographic  data 
provided  the  following  equation. 

R/W1/3  -  -.9097  (U78a)  +  64.14 
R2  -  .9735 

This  linear  regression  equation,  when  extrapolated  to  the  debris  hazard 
criteria  level,  provided  a  value  of  63.2  R/W^3.  Dr.  Ward's  analysis 
for  the  debris  to  the  shelter  side  Indicated  a  value  of  61.7  R/W1^3. 
Thus,  It  can  be  seen  that  the  photographic  Interpretation  provides  an 
extremely  close  estimate  to  the  debris  hazard  derived  by  the  manual 
Interpretation  approach. 

conclusions  AND  RECOMMENDATIONS 


Analysis  presented  here  Is  a  simple,  yet  effective  approach  to  a 
generally  complicated  problem.  The  results  from  this  data  compare  very 
favorably,  wl th  the  results  of  traditional  manpower  Intensive  debris 
collection  methods.  By  comparison,  a  total  of  20  man  hours  was  spent  in 
producing  this  analysis.  This  compares  to  approximately  180  man  hours 
In  producing  the  debris  analysis  using  a  traditional  method.  Thus,  the 
photographic  approach  accomplished  very  similar  results  In  approximately 
one  tenth  of  the  time.  This  could  allow  a  very  great  saving  in  the  use 
of  the  manpower  intensive  manual  surveys.  It  is  certainly  not  to  say 


that  ft  would  b«  done  aw«y  with  It  entirely.  Manpower  surveys  are 
still  desirable  to  provide  Information  on  actual  debris  site  and  measure¬ 
ments.  However,  the  aerial  photographic  technique  could  allow  tradi¬ 
tion  survey  to  focus  on  the  critical  areas  which  In  the  DISTANT  RUNNER 
Test  was  In  the  60  to  65  R/W1^3  vicinity.  This  may  save  a  good  deal 
of  effort  and  expense. 

I  would  suggest  the  following  recommendations. 

First,  aerial  photographic  techniques  ought  to  be  considered  to 
supplement  future  debris  studies  and  further  prove  their  applicability 
to  this  area  of  technology.  They  may  he  used  to  screen  the  debris 
information  and  allow  traditional  techniques  to  be  focused  In  selective 
areas  or,  depending  on  the  study  requirements,  they  may  be  used  as  the 
basis  of  the  analysis  of  future  debris  studies.  One  particular  advantage 
of  an  aerial  photography  Is  that  It  becomes  a  permanent  record  of  the 
test  and  can  be  analyzed  and  re-analyzed  at  future  times. 

The  second  recommendation  Is  that  planning  for  aerial  photographic 
coverage  is  vital  In  performing  any  kind  of  a  study.  Aerial  sensors 
need  not  be  limited  to  photography  In  the  visible  spectrum.  Infrared 
cameras  and  Infrared  film  have  the  advantage  of  being  able  to  detect 
thermal  differences  which  may  be  an  easier  method  of  plotting  debris 
distribution.  The  collection  plan  and  how  Its  execution  is  also  extremely 
Important.  The  mission  plan,  sensor  plan,  area  coverage,  photo  scale, 
and  the  criteria  for  stereo  photography  In  the  areas  of  critical  Importance 
must  be  considered  and  properly  executed  in  future  studies.  Finally, 
aerial  photo  planning  Is  vital  to  Insure  that  the  criteria  for  mono¬ 
interpretation,  stereo  Interpretation  or  mapping  quality  photography  be 
considered  In  the  planning  stages  so  that  the  proper  tools  are  available 
to  perform  the  analyses. 
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FRAGMENT  HAZARD  INVESTIGATION  PROGRAM 
NON-MASS  DETONATING  AMMUNITION  TESTS 

■/&  y 

.  ^ 

W>  D.  Smith 


1.  INTRODUCTION 


The  Department  of  Defense  Explosives  Safety  Board  (DDESB)  Is  conducting  a 
continuing  program  to  evaluate  the  fragment  hazards  produced  by  the  accidental 
detonation  of  stored  munitions..  In  support  of  this  effort,  the  Naval  Surface 
s'  “Weapons  Center  was  funded  In  July  1975  to  conduct  the  Fra^nent  Hazard  Investi- 
— gallon  Prugrm.  a^The  purpose  of  the  program  Is  to  provide  the  DDESB  with  the 
necessary  fragmentation  data  to  improve  or  to  substantiate  the  quantity-dis¬ 
tance  (QO)  standards  for  the  safe  and  efficient  storage  of  stacked  munitions 
according  to  specific  hazard  classifications.  The  ultimate  goal  Is  to  provide 
a  methodology  for  the  determination  of  QD  standards  for  all  hazard  classifi¬ 
cations.  The  hazard  classification  under  Investigation  In  this  report  Is  the 
Non-Hass  Detonating  Ammunl tion  (Class  15  Division  2). 


^  The  ammunition  tested  In  this  effort  was  the  Navy  40  rim  AA  cartridge 
(Category  04)  and  the  Army  105  mm  cartridge  (Category  12).  These  ammunitions 
can  be  expected  to  detonate  progressively  when  exposed  to  a  fire.  Far-fleld 
fragment  collection  tests  were  conducted  using  several  pallet  stacking  con¬ 
figurations  of  both  ammunitions--.  Supporting  analysis  was  attempted  to  develop 
a  capability  to  predict  the  far-^^eld  fragment  density. 

2.  TEST  PROGRAM  \ 

2.1  Background  \ 

The  test  program  was  designed  to  evaluate  the  far-field  fragment 
density  resulting  from  the  exposure  of  increasingly  larger  stacks  (up  to  36 
pallets)  that  were  exposed  to  a  wood-fueled  fire.  The  collection  areas 
utilized  were  the  sites  at  the  Naval  Surface  Weapons  Center  (NSWC)  and  the 
White  Sands  Missile  Range  (WSMR) . 

2.2  Test  Procedures  and  Configuration 


2.2.1  Far-Fleld  Collection  Test 


2. 2. 1.1  40  mm  AA  Ammunition 

The  collection  area  for  the  40  mm  AA  ammunition  tests  was  designed  to 
bracket  the  existing  QD  requirement  of  400  feet  (Category  04).  The  NSWC 
collection  area  used  for  four  tests  (4,  8,  9  and  18  pallets)  consisted  of  a 
180  sector  subdivided  Into  30  collection  zones.  Each  zone  was  100  feet  wide 
and  from  200  feet  to  600  feet  long.  The  testQof  36  pallets  was  conducted  using 
a  collection  area  at  the  WSMR  which  was  a  360  area  subdivided  into  10°  zones. 
Each  zone  was  200  feet  wide  and  from  200  feet  to  1600  feet  long. 

Detonation  of  the  pallets  was  accomplished  by  building  a  wood  "Tee 
Pee"  around  the  stack.  The  wood  was  ignited  using  thermite  grenades  and 
gasoline. 


The  collected  fragments  were  counted  according  to  their  spatial 
recovery  zone.  The  fragments  from  some  of  the  zones  were  weighed. 

2. 2. 1.2  105  mm  Cartridge 

The  collection  area  for  the  36  pallet  105  mm  cartridge  test  was  the 
same  as  that  used  for  the  36  pallet  40  mm  AA  test.  This  area  bracketed  the 
existing  QD  criteria  of  1200  feet  (Category  12). 

Detonation  of  the  amnunltlon  was  accomplished  Indentically  to  the  40  mm 
AA  ammunition  tests.  The  collected  fragments  from  some  of  the  zones  were 
weighed. 

2.2.3  Observations 

2. 2. 3.1  Far-Fleld  Collection  Tests 

2. 2. 3. 1.1  40  mm  AA  Ammunition 

The  first  two  tests  of  the  series  were  conducted  using  one  and  two 
pallets  to  determine  the  type  of  reactions  which  would  occur.  It  was  found 
that  the  predominant  reaction  was  Ignition  of  the  cartridge  case  propellant 
which  expelled  the  projectile  at  low  velocity.  The  projectiles  then  reacted 
while  engulfed  In  burning  wood  and  propellant.  Projectile  reactions  varied 
from  pressure  ruptures  to  near  total  detonations. 

Far-field  fragment  collection  was  conducted  on  the  subsequent 
tests  (4,  8,  9,  18  and  36  pallets).  Reactions  were  similar  to  the  first 
tests  except  they  were  more  numerous  and  prolonged.  Tables  1  through  5 
present  the  recovery  data.  It  was  found  that  debris  (cartridge  cases, 
containers,  etc.)  was  primarily  contained* within  500  feet  of  the  test  site. 
Fragments  recovered  at  1400  feet.  The  unreacted  ammunition  remaining  after 
the  test  presented  a  tremendous  ordnance  disposal  problem. 

2. 2. 3. 1.2  105  mm  Cartridges 

The  first  test  was  a  one  pallet  (32  rounds)  test  to  determine  the 
type  of  reaction  which  would  occur.  It  was  found  that  the  projectiles 
detonated  Individually  at  intermittent  Intervals  for  approximately  45  minutes. 
Several  live  projectiles  were  recovered.  A  follow-on  test  of  36  pallets  was 
conducted  with  far-fleld  fragment  collection.  Projectile  detonations  occurred 
Intermittently  for  approximately  one  hour.  Numerous  live  projectiles  and 
cartridge  cases  were  recovered  after  the  test. 

The  recovery  data  for  the  tests  is  presented  In  Table  6.  Debris 
(cartridge  cases,  fuzes,  etc.)  was  generally  contained  within  800  feet  of 
the  stack.  Fragments  from  the  projectiles  were  recovered  up  to  1600  feet 
from  the  stack. 
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3.  ANALYSIS  OF  RESULTS 


3.1  Fragment  Weight- Number  Distribution 

3.1.1  40  mm  AA 

Figure  1  prwsents  a  comparison  of  the  fragment  welght-mmber  distribu¬ 
tion  (MOTT  plot)  for  each  of  the  pallet  tests.  It  can  be  seen  that  the  slopes 
of  a  first  order  least  squares  fit  to  each  data  set  are  quite  similar.  This 
indicates  that  the  breakup  of  the  projectiles  and  cartridge  cases  did  not 
change  as  a  result  of  increasing  the  number  of  pallets  in  the  stack. 

3.2  Fragment  Density 

3.2.1  40  mm  AA  Cartridge 

Figure  2  presents  a  companions  of  the  maximum  total  fragment  density  es 
a  function  of  range  for  the  five  pallet  configurations  tested.  The  data  shot# 
that  increasing  the  number  of  pallets  in  the  stack  does  not  result  In  a 
directly  proportional  Increase  in  fragment  density.  Furthermore,  thp  total 
fragment  density  exceeded  one  fragment/600  ft  (0.00167  fragment/ft')  beyond 
the  QD  criteria  of  400  feet  for  the  8,  IS  and  36  pallet  tests. 

3.2.2  105  mm  Cartridge 

Figure  3  presents  tne  maximum  total  fragment  fragment  density  tor  the 
36  pallet  test.  The  data  show  that  the  1200  feet  QD  require^-t  Is  adequate 
for  the  36  pallet  configuration  tested. 

3.3  Hazardous  Fragment  Density 

The  existing  QD  criteria  consists  of  the  distance  at  which  the  hazardous 
fragment  (terminal  kinetic  energy  58  ft-lb)  density  is  less  than  one  fragment/ 

600  ft  (0,00167  fragmer.t/ftj .  The  tests  of  40  mm  AA  ammunition  showed  that 
the  total  fragment  density  exceeded  this  value  at  the  <?00  foot  distance. 

However,  the  total  density  Included  both  hazardous  and  nori-hazardous  fragments. 

The  determination  of  whether  a  particular  fragment  is  hazardous  requires 
fragment  mass  and  terminal  velocuty.  The  existing  data  contains  only  fragment 
mass  data,  ’.'arious  assumptions  can  be  made  as  to  this  velocity  of  fragments 
at  different  ranges,  but  the  validity  of  any  of  the  assumptions  cannot  be 
determined.  Consequently,  It  Is  unknown  whether  the  observed  densities  violate 
the  existing  QD  criteria  for  40  m  PA  ammunition. 

4.  CONCLUSIONS 

The  far-field  collection  tests  of  40  mm  AA  ammunition  Indicate  that  the 
QD  criteria  may  be  inadequate.  Insufficient  data  has  been  developed  for  the 
105  mm  cartridge  to  determine  the  adequacy  of  the  QD  criteria.  The  use  of  far- 
field  collection  tests  to  determine  QD  criteria  for  non-mass  detonating  ammunition 
is  undesirable  because  of  the  enormous  ordnance  disposal  problem  and  the 
inability  to  evaluate  hazardous  fragments. 


5.  PLANS 


A  Monte-Car  10  simulation  model  to  predict  hazardous  fragment  density  for 

!?+SthfeMcCrt/Sf/l,muri1t2xn  (£!ass  1  *  ^vision  1)  has  recently  been  developed 
at  th®NswcJ Reference  A).  The  model  should  be  adaptable  for  use  with  non- 
mass  detonating  ammunttlcn.  A  series  of  fragmentation  characterization  tests 
of  the  Individual  40  ran  and  105  mm  rounds  Is  now  In  progress  to  collect  the 
data  (fragment  ejection  angle,  velocity  and  shape  factor)  necessary  to  exercise 

byJunelo&J1*  ^  exp€ctad  that  tte  results  of  fcl,1s  abroach  will  be  available' 
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Quantitative  laboratory  test  data  Is  useful  In  predicting  the  response  of 
explosives  to  thermal  stimuli,  however,  that  Is  not  so  for  predicting  the 
minimum  mechanical  (shock.  Impact,  friction,  etc.)  stimuli  to  cause  an  explo¬ 
sive  Initiation. 

If  incident  energy  can  be  channeled  or  reinforced  and  focused  on  an 
unknown  small  quantity  of  explosive  and  result  In  a  hot  spot  Initiation,  and 
focusing  may  be  a  function  of  configuration,  cracks,  voids,  foreign  material, 
viscous  shear,  etc.,  then  there  are  too  many  unknowns  to  make  predictions,  or 
devise  a  truly  quantitative  sensitivity  test  method. 

Existing  sensitivity  test  methods  can  then  only  provide  a  qualitative 
Insight  Into  the  probability  of  the  occurrence  of  accidental  Initiations. 
Deriving  that  Insight  or  feel  for  explosive  sensitivity  from  the  various  test 
methods  Is  not  easily  accomplished.  Criteria  for  a  "go"  may  be  a  bang,  flash, 
violent  reaction,  overpressure,  or  evidence  of  a  sustained  detonation. 
Compounding  that  confusion,  Is  the  multitude  of  units  of  measure  to  report 
results  -  millimeter,  centimeter.  Inch,  feet  per  second,  milligram,  etc.;  the 
effects  of  density,  charge  preparation,  particle  size/distribution,  and  addi¬ 
tives  such  as  wax  and  aluminum.  Then  when  apparently  similar  type  test 
methods  do  not  produce  the  same  results,  it  should  be  no  surprise  if  only  the 
experts  can  Interpret  that  data.  An  unfortunate  consequence  Is  that  the 
majority  of  people  working  with  explosives  or  making  decisions  regarding  them 
should  have  extreme  difficulty  In  assessing  their  relative  hazards. 

Though  of  little  quantitative  value,  the  spread,  or  range,  of  each  test 
method's  results  do  provide  a  "scare"  index  In  the  units  of  measure  employed. 
Since  It  Is  difficult  to  remember  the  significance  of  the  millimeters,  cen¬ 
timeters,  inches,  feet  per  second,  milligrams,  etc.,  and  the  varying  results 
from  similar  test  methods,  equations  to  convert  results  from  12  test  methods 
to  a  common  scare,  or  Susceptibility  Index  (S.I.),  are  offered.  An  arbitrary 
scale  from  0  to  250,  where: 

0-50  very  sensitive 
51  -  75  potent,  take  care 
76  -  100  energetic,  treat  with  respect 
101  -  150  medium 
151  -  200  nice  to  work  with 
201  -  250  practically  Inert 
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Since  an  explosive  may  appear  relatively  Insensitive  in  one  test  and 
extremely  sensitive  in  another,  all  results  must  be  considered  for  applica¬ 
tions  of  that  explosive.  The  common  scale  (S.I.)  makes  those  abnormalities 
easier  to  recognize. 

For  conversational  purposes,  an  ordering  of  explosives  In  their  apparent 
sensitivity  Is  desirable.  Use  of  rankings  In  each  test  method  would  require 
all  explosives  tested  In  all  of  tne  methods;  secondly,  the  relative  sen¬ 
sitivity  In  a  test  method  would  be  obscured.  For  example,  explosives  x,  y, 
and  z  might  have  drop  haiwner  Impact  values  of  20,  24,  and  70  centimeters,  but 
rank  1,  2,  and  3.  Averaging  the  common  unit  S.I.  values  provides  an  ordering 
system  that  avoids  those  problems. 

For  the  ordering,  a  representative  value  Is  needed  for  each  explosive  In 
each  test.  In  the  solid  charge  tests,  each  explosive  can  have  many  values 
depending  on  the  density  of  the  test  sample.  Graphing  test  result  versus 
charge  density  (Figure  1  example)  facilitated  selection  of  an  expected  test 
result  of  each  explosive  at  Its  "working  density"  (arbitrarily  chosen  at  98% 
of  Its  Theoretical  Maximum  Density  (TMD)). 


v  S.I.  conversion  equations,  listed  In  Table  I,  apparently  reveal  the 

\  effective  ranges  of  the  various  methods.  Correlations  between  test  methods, 
Nfable  II,  may  be  useful  In  avoiding  redundant  testing. 

JiSIxty-two  explosives  were  evaluated  In  NWSY  TR  81-6,  Susceptibility  Index 
of  Explosives— toL^AccI dental  Initiation.  A  sampling  of  their  sensitivity 
ordering, /Table  JLLR; ..provides  the  test  result  tn  Its  own  particular  unit  of 
measure*^n(T~6eTow  It  the  equivalent  S.I.  value. The  overall  average  S.I. 
value  was  calculated  using  the  average  gap  and  drop  hammer  values,  and  Indi¬ 
vidual  values  from  the  remaining  tests.  PBXN-105  Illustrates  how  deceptive 
relying  on  one  test  method  result,  or  the  average  of  several,  could  be. 

To  aid  in  evaluating  sensitivity  test  results.  It  appears  that: 

a  5(f)  Explosives  that  can  be  pressed  as  well  as  cast  should  have  separate 
Identities  since  the  pressed  version  may  be  markedly  more  sensitive. 

b. \t)Graph1ng  %  TMD  versus  result  for  solid  charge  tests  provides  the  user 

with  information  appropriate  to  his  needs,  and  also  reflects  the 
degree  of  control  of  the  test  variables. 

c. (M)rop  banner  Impact  response  Is  strongly  Influenced  by  the  most 

sensitive  Ingredient  in  an  explosive,  do  not  expect  It  to  agree  with 
_ a  solid  charge  test  method^ 

'~~j>Tw)d.(H)Alum1n1z1ng  a  composition  may  or  may  not  sensitize  It,  depends  on  the 
test  method. 


Appropriate  conversion  equations  could  probably  be  developed  for  other 
sensitivity  test  methods,  facilitating  the  comparison  of  their  results  with 
those  shown  here. 


This  approach  to  developing  a  feel  for  initiation  susceptibility,  by  con¬ 
sensus  of  opinion  of  the  test  methods,  expressed  In  a  common  unit  of  measure. 
Is  a  simple,  straightforward  (at  least  to  this  non-$ens1t!v1ty  test  expert.) 
means  of  conveying  a  considerable  amount  of  useable  Information  to  those  who 
need  it  most  -  at  the  working  levels 

Tn 
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FIGURE  I.  NOL  SMALL  SCALE  GAP  TEST 


TABLE  I.  EQUATIONS  TO  CONVERT  TEST  RESULT  UNITS  TO 
SUSCEPTIBILITY  INDEX  VALUES 


NOL  LSGT,  S.I. 
NOL  SSGT,  S.I. 
LANL  LSGT,  S.I. 
LANl  SSGT,  S.I. 
LANL  Minimum  Priming  Charge,  S.I. 

LANL  Wedge,  S.I. 
LANL  Rifle  Bullet,  S.I. 
NWL/D  SUSAN  V-50,  S.I. 
NWL/D  SUSAN  LVR,  S.I. 
NEOED  Drop  Hammer  Impact,  S.I. 
NOL  Drop  Hammer  Impact,  S.I. 
LANL  Drop  Hammer  Impact,  S.I. 


-  236  -  2.77  x  [gap  (mm)] 

*  190  -  16.9  x  [gap  (mm)] 

*  267  -  3.4  x  [gap  (mm)] 

=  105  -  12.6  x  [gap  (mm)] 

=  2.8  xY weight  (mg)"  +  64 

*  61.4  xVthlckness  (run)  +  38 

=  C.025  x  [velocity  (ft/sec)]  +  16 
=  0.35  x  [velocity  (ft/sec)]  +  26 
=  0.11  x  [velocity  (ft/ser.)]  +  41 

*  25.4  xV  [height  (cm)]  '  -  71 
■  14.9  xV [height  (cm)]1  -  20 

-  17  xVfhelght  (cm)] ‘  -  32 


TABLE  II.  CALCULATED  CORRELATION  COEFFICIENTS 


Test  method 

Correlation 

coefficient 

rxy 

COMPARED  TO  AVG  GAP  TEST: 

NOL  LSGT 

.986 

LANL  LSGT 

.979 

NOL  SSGT 

.963 

LANL  Bullet 

.933 

Drop  Hammer  Impact  {mono  explosives) 

.895 

LANL  SSGT 

.838 

LANL  Minimum  Priming  Charge 

.685 

Avg  Drop  Hammer  Impact 

.557 

NWL/D  SUSAN  V-50 

.  ’?■  •  u 

LANL  Wedge 

.2b4 

NWL/D  SUSAN  LVR 

.175 

COMPARED  TO  AVG  DROP  HAMMER  IMPACT  TEST : 

LANL  Drop  Hammer  Impact 

.980 

NOL  l  op  Hammer  Impact 

.979 

NEDED  D.-op  Hammer  Impact 

.977 

NWL/D  SUSAN  LVR 

.728 

LANL  Bullet 

.709 

NWL'D  SUSAN  V-50 

.648 

LANL  Minimum  Priming  Charge 

.254 

LANL  Wedge 

.157 

COMPARED  TO  SUSAN  LVR  TEST: 

NWL/D  SUSAN  y-50 

.700 
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TABLE  in.  SUSCEPTIBILITY  I 


Exp  I  os  I  vs 


PETN»*  j  S.  I, 


Gap  t*tsts(im) 
LSOT  I  SWT 


I.B3I1K8UM1I 


65  2*1  3<i  41  31 


Drop  hwmsr 
impact  fast*  (cm) 


JED  I  NOLIlANL 


3  RDX»*  S.I.S  90 


man 

Hi 


4.8  I  _  22 _ 74  28 

45  I  55  48  53  18  33 


37  I  (  0.261  2  l  2130 


8|TETRYl»*  I  S.  I.  :|  92  66  65  58  70  59  74  71  66  69  68  59 


10  9404**  S.I.J  69  70  72  7  V 


59  76  68  79  78  70  51 


j  j  67 _ 66  __  1.2  21  27  35  1  1.4Q  72 

15  PENTOLITeH  S.I,  :|  50  43  40  61  45  57  r?  I  57  110  86 


7C 

100 

51 

32 

36  j  0.51  60 

76  70  72  1  82  86  76j  134 


41  <.'3  288  3800  190 

77  82  112  : 12  92  93 


66  31 


300 

74  94 


66  85  80  114  142  I  100  100 


1 .451  610  I  I  150 


79 


46  50  5.3  _0.4_  94  210  148  2.00 

45  TNT**  S.I.:  109  97  94  100  100  173  196  175  162  12s|  1 16  I  110 


178  216  129 |  173 


ii<U 

64  j  101 


700 

118  105 


51  TRI TONAL*  S.I.s  170  185 


55  TNT*  S.I.s  153  175 


61  TATB**  S.I. 


raS 


164  175  196  175  182 


l>320  |>32QI>320 


S 9! 


800 

129  140 


1220 

175  174 


173  196  250  250  250  250  250 
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nowing  the  sensitivity  of  liquid,  partially  molten,  or  hot  and  confined 


explosives  to  Impact  loads  would  enhance  the  safety  engineering  of  two 
exploslves-handllng  operations:  (1)  in  processing,  e.g.  in  melt-casting  or  in 
heated  pressing  of  plastic  bonded  explosives;  and  (2)  upon  return  of  munitions 
exposed  to  heating,  e.g.  externally  carried  weapons  after  supersonic  flight. 

As  an  example  of  the  iatter  problem  an  explosion  occurred  during  the  static 
heating  of  a  2,000  pound  Trltonal-fil led  MK  04  general  purpose  bomb  at  the 
Armament  Development  and  Test  Center  (ADTC),  Eglln  Air  Force  Base.*  During 
the  heating  cycle  the  Tritonal  (80/20  TNT/aluminum)  reached  155*C  at  which 
time  the  bomb  exploded.  The  melting  point  of  TNT  is  81*C.  The  incident 
involved  the  sensitivity  of  a  mixture  of  liquid  and  solid  material.  No  cause 
for  the  explosion  was  found. 

\ 

^.Sensitivity  to  handling  accidents  for  solid,  cool  explosives  can  be  evalu¬ 
ated  with  considerable  confidence,  because  there  is  an  extensive  body  of  data 
obtained  both  at  the  laboratory  scale  and  in  the  field  for  comparison.  How¬ 
ever,  the  safety  of  handling  liquid  explosives,  particularly  under  field  condi¬ 
tions,  is  considerably  less  predictable.  Phenomena  such  as  cavitation,  foam¬ 
ing,  and  bubble  compression  affect  drastically  the  initiation  behavior  of 
liquid  explosives  to  mild  impact.  Duplication  of  potential  accident  situations 
is  intractable  and  it  is  necessary  to  use  tests  tSoat  simulate  various  field 
conditions.^ 

One  test  that^qas  been  used  in  Europe  for  testing  liquid  explosives  is 
called  the  "drop-tube’Ntest,  ir.  which  a  long  heavy-walled,  closed,  steel  tube 
filled  with  liquid  explosive  is  dropped  from  various  heights  onto  an  anvil. 

The  drop  height  at  which  reaction  is  observed  is  a  measure  of  the  impact  sensi- 

p 

tivity  of  the  liquid.  The  test  was  first  used  by  Zippermayr  during  an 
investigation  of  an  accident  involving  a  commercial  explosive  consisting  of  a 
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mixture  of  nitric  acid  and  dinitrobenzene.  Further  experiments  were  performed 
3 

by  Lundborg  using  nitroglycerin,  Lundborg  showed,  contrary  to  expectation, 

that  the  drop  height  required  for  detonation  Increased  with  the  thickness  of 

the  air  gap  between  the  top  of  the  liquid  and  the  tube  closure.  He  observed 

that  the  reaction  started  at  or  near  the  top  of  the  tube,  rather  than  at  the 

bottom.  He  also  found  that  the  drop  height  was  inversely  proportional  to  the 

tube  length;  a  one-meter  tube  required  half  the  height  of  a  0.5-meter  tube, 

4  5 

other  conditions  being  equal.  Johanssen  ’  analyzed  the  development  of  the 
shock  waves  in  the  system,  and  argued  that  initiation  in  the  liquid  occurred 
because  of  the  interaction  of  a  wave  reflected  from  the  top  of  the  tube  with  a 
wave  travelling  upward  from  the  bottom.  A  complete  discussion  is  provided  In 
the  book  by  Johanssen  and  Persson.^  French  scientists  have  worked  on  a 
numerical  model  of  the  test  and  suggest  that  cavitation  along  the  walls  is 

7 

important. 

In  discussions  with  HERO  personnel,  we  decided  to  perform  a  few  tests  to 
investigate  the  applicability  of  the  drop-tube  test  to  evaluate  the  sensitivity 
of  molten  and  partially  melted  explosives,  particularly  as  related  to  the  MK 
84  bomb  incident.  There  is  no  backlog  of  data  for  direct  comparison,  but  the 
preliminary  data  would  be  useful  to  indicate  any  undue  sensitivity  of  TNT-based 
material  to  this  type  of  impact  and  to  indicate  whether  the  technique  should 
be  developed  further.  Some  Initial  experiments  were  performed  with  nitrometh- 
ane  at  ambient  temperature  using  the  Los  Alamos  drop  tower.  No  evidence  of 
reaction  was  observed  for  ambient  temperature  nitrcmethane  (with  and  without 
20  weight  percent  aluminum)  in  0.5  and  1. 0-meter  iong  steel  tubes  with  an 
internal  diameter  of  25  imt  and  a  1.3-mm  air  gap  for  drop  heights  up  to 
44  meters.  These  tests  showed  that  proper  instrumentation  of  tubes  at  high 
temperatures,  up  to  15G*C,  would  be  difficult  on  the  drop  tower. 
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We  have  designed  and  used  a  machine  In  which  a  stationary  tube  Is  struck 
with  a  rotating  hammer.  In  this  way  the  tube  can  be  fully  Instrumented  with 
heating  tapes,  thermocouples,  and  accelerometers.  Several  tests  were 
performed  on  molten  TNT  and  Trltona!  using  a  preliminary  version  of  the 
rotating  hammer  machine,  but  some  bending  of  the  hammer  arm  was  noted,  making 
Interpretation  of  the  impact  delivered  difficult.  The  machine  as  finally 
designed  is  shown  in  Fig.  1.  The  steel  hamner,  7.6  cm  in  diameter  and  15.2  cm 
long  with  a  mass  of  5.1  kg,  swings  on  a  counterwelghted  steel  arm  90  cm  in 
radius.  The  mass  of  the  rotating  system  is  about  25  kg  and  the  rotational 
speed  of  the  hammer  is  controlled  by  a  variable-speed  motor.  The  speed  is 
monitored  by  measuring  the  time  of  a  half  rotation.  A  tube,  50  cm  long,  2.5 
cm  ID  with  a  0.3  cm  wall  holds  the  explosive.  During  the  time  required  for 
the  hammer-and-arm  system  to  reach  the  desired  speed  (equivalent  to  the 
velocity  of  impact  from  a  pre-  selected  height)  the  tube  containing  the 
explosive  is  held  out  of  line  of  the  arc  swept  by  the  hammer.  After  the 
hammer  reaches  the  desired  speed  the  tube  containing  the  explosive  is  rapidly 
swung  into  position  for  the  hammer  to  strike  the  bottom  of  the  tube.  The  tube 
cradle  allows  the  tube  to  fly  upwards  without  significant  restraint.  The 
amount  of  explosive  loaded  in  the  tube  is  controlled  to  leave  a  small  air  gap 
of  about  1.3-mm  at  the  top  at  the  desired  temperature. 

The  machine  was  instrumented  to  measure  hammer  speed,  acceleration  imparted 
to  the  tube,  and  to  heat  and  control  the  temperature  of  the  explosive.  All 
tests  have  been  monitored  by  remote  television;  most  also  used  cinematography 
at  500  to  1000  frames  per  second.  Figure  2  shows  an  accelerometer  record 
obtained  for  a  test  with  a  hammer  velocity  of  22  m/s  just  prior  to  impact. 

Since  the  machine  and  tests  are  new,  we  wish  at  this  time  only  to  describe 

it,  as  we  have  just  done,  to  relate  the  results  of  the  early  tests,  and  to 

comment  on  the  apparent  initiation  mechanism, 
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Photograph  of  rotating 
hammer  machine. 


Table  I  gives  the  results  obtained  for  TNT  and  Tritonal  obtained  with  the 
first  machine.  A  reaction,  but  no  detonation  was  observed  with  Tritonal  at  an 
equivalent  drop  height  of  52  meters.  No  reaction  was  observed  for  TNT  at  an 
equivalent  drop  height  of  49  meters,  the  highest  tested  for  neat  TNT. 

As  part  of  another  project  to  investigate  the  role  aluminum  powder  plays 
in  the  initiation  of  Tritonal,  a  surrogate  material  consisting  of  80/20  TNT/ 
lithium  fluoride  was  used.  Lithium  fluoride  has  approximately  the  same  density 
as  aluminum  but  is  chemically  inert  compared  to  aluminum.  This  material  has 
been  nicknamed  "Tolif."  Tolif  has  been  tested  at  1E0*C  and  Comp  B  at  110’C  on 
the  new  machine.  In  no  case  has  a  full  high-order  detonation  been  observed, 
but  a  reaction  was  observed  with  Comp  B  at  a  drop  height  of  25  meters  at  110*C, 
and  there  was  no  reaction  at  18  meters.  Tolif  reacted  at  45  and  25  meters,  in 
the  only  two  tests  to  date.  Fragments  from  one  of  the  tests  in  which  reaction 
occurred  are  shown  in  Figure  3,  and  they  clearly  indicate  that  the  reaction 
started  some  distance  down  from  the  top  of  the  tube. 

This  work  and  the  earlier  work  of  Lundborg  and  Johanssen  show  that  initia¬ 
tion  of  reaction  in  liquid  explosive  can  occur  by  the  reinforcement  of  low 
pressure  waves  ir  the  system.  Extensive  work  will  be  required  to  develop  a 
reliable  data  base  for  comparison  of  the  impact  sensitiveness  of  different 
liquid  a.ic*  hot  formulations.  The  "drop-tube"  test  does  appear  to  be  useful 
for  comparing  liquid  materials  and  for  impact  tests  at  high  temperature.  If  a 
drop  towe.*  is  available,  equipping  it  with  break-away  electrical  connections 
to  permit  a  clean  drop  could  simplify  the  instrumentation.  The  rotating  hammer 
machine  is  usoable  in  smaller  scale  facilities  and  delivers  an  easily  charac- 
terizablc  impact  to  the  sample.  It  reduces  some  of  the  error  probablities 
inherent,  in  drop  testing  and  may  be  preferred  since  it  does  away  with  the  need 
for  a  tower.  Either  way,  an  organization  engaged  in  or  contemplating  large 
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Table  I 

Drop-Tube  Results  Using  the  Version  1  Rotating  Hammer  Machine 


Hammer  Mass  -  5.4  kg;  Tube  Mass  -  2.1  kg 

Tube  Geometry:  25.4-mm  inner  diameter,  3.1-mm  wall,  0.5  meter  long 
Air  gap  betweeen  top  of  liquid  at  150*C  and  tube  cover  -  1,3  am 
Temperature  «  152  to  153*C  for  all  tests 


Test  No. 

Explosive 

Equivalent 
Drop  Height® 
(meters) 

Tube 

Velocity 
(meters/ sec) 

Energy 

(joules) 

Result 

C4943 

TNT 

21.3 

15.4 

296 

No  Reaction 

C4950 

TNT 

48.6 

23.5 

688 

No  Reaction 

C4968 

Trl  tonal 

52.0 

Not  Observed 

Fire  Ball 

€4986 

Tritonal 

46.2 

23.5 

688 

No  Reaction 

C4991 

Tritonal 

30.6 

30.6 

1173 

Top  Seal 

Burst 

C5018b 

Tritonal 

50.3 

23.4 

688 

No  Reaction 

Equivalent  "drop  height  fs~base<f  on  a  rigid-body  collision  between  the 
hammer  and  tube.  It  is  computed  solely  from  the  initial  hammer  velocity,  and 
is  for  comparison  purposes  only. 

&The  filled  tube  was  heated  to  151*C  and  cooled  to  ambient  three  times 
before  being  heated  and  subjected  to  impact. 


scale  use  of  hot,  liquid  or  slurry  explosives  in  strong  confinement  should 

\ 

seriously  consider  studying  or  following  studies  of  this  kind  of  sensitivity. 
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A  Review  of  Recent  Impact  Sensitivity  end  Hot  Spot  Investigations 

C.  S.  Coffey,  7.  DeVosfc,  S.  J.  Jacobs  and  5.  G.  Rayser 
Naval  Surface  Weapons  Canter 
Silver  Spring,  Maryland  20910 

ABSTRACT 

"^During  the  past  few  years,  at  the  Naval  Surface  Weapons  Center, 
there  ha*  been  an  effort  to  understand  the  basic  processes  responsible 
for  hot  spot  formation  and  ignition  in  solid  propellants  and  explosives 
under  impact  loading  conditions.  This  effort  has  resulted  in  the  develop¬ 
ment  of  a  new  and  versatile  iapact  machine  as  well  as  a  number  of  new 
instrumentation  techniques.  Shear  and  fracture  have  been  identified 
as  the  most  likely  sources  of  hot  spot  generation.  A  fundamental  under¬ 
standing  of  the  processes  responsible  for  shear  induced  energy  localisation 
and  potential  hot  spot  generation  has  been  obtained.  This  paper  reviews 
these  results  as  well  as  some  recent  developments  in  the  related  areas 
of  explosive  response  and  heating  due  to  cracking. 

INTRODUCTION 

The  problems  and  frustrations  associated  with  impact  machines  are 
well  known  to  all  those  who  are  familar  with  explosive  safety  testing. 

In  this  paper,  we  review  some  of  the  more  recent  impact  machine  developments 
at  the  Na^al  Surface  Weapons  Center  (NSWC)  which  shed  some  light  on 
these  problems.  The  effort  at  NSWC  is  aimed  at  furthering  our  basic 
understanding  of  the  processes  responsible  for  hot  spot  formation  and 
ignition  in  solid  propellants  and  explosives  due  to  impact-like  loading 
conditions.  Many  of  the  problems  and  apparent  contradictions  which 
in  the  past  have  been  associated  with  impact  machines  were  really  due 
to  an  inadequate  understanding  of  these  basic  processes.  While  there 
is  still  much  to  learn,  we  are  now  in  a  position  to  dispel  some  of  the 
confusion  associated  with  impact  testing. 

We  begin  by  providing  an  analysis  of  the  forces  on  the  impact  machine 
which  is  sufficiently  general  to  be  applicable  t*<  most  of  the  commonly 
used  impact  machines.  With  these  results  in  hand,  we  describe  the  design 
philosophy  on  which  the  new  NSWC  impact  machine  was  built,  and  briefly 
describe  its  capabilities.  Early  in  the  project  it  was  realized  that 


( 


1417 


to  be  of  any  value,  the  impact  Machine  had  to  be  adequately  instrumented. 

This  instrumentation,  much  of  which  was  designed  simultaneously  with 
the  design  of  the  new  impact  machine,  will  be  described. 

In  parallel  with  these  efforts,  other  efforts  were  made  to  understand 
the  fundamental  processes  that  are  responsible  for  hot  spot  formation 
under  impact  loading  conditions.  It  was  shown  experimentally  that  shear 
is  the  most  likely  cause  of  hot  spot  formation,  and  that  pressure  apparently 
has  no  direct  role  to  play  other  than  to  provide  a  driving  force  for 
the  shear  motion.  This  data  will  be  reviewed.  At  the  same  time,  in 
a  theoretical  effort,  it  was  shown  that  the  action  of  shear  and  sudden 
failure  of  an  impacted  crystalline  sample  c&n  be  understood  in  terms 
of  an  avalanche  of  rapidly  moving  dislocations.  This  avalanche,  associated 
with  the  sudden  mechanical  failure  of  the  crystal  under  impact,  produces 
a  large  amount  of  local  deformation  and  local  heating.  These  local 
hot  spots  are  potential  ignition  sites.  An  overview  of  these  results 
is  given.  Also,  current  research  in  the  areas  of  explosive  response 
and  heating  at  the  tip  of  a  propagating  crack  will  be  briefly  discussed. 

It  is  to  be  re-emphasized  that  this  work  is  research  oriented  and 
not  testing  oriented.  We  did  not  run  large  numbers  of  samples  nor  did 
we  use  the  Bruceton  Up-Down  Method  or  similar  methods  to  determine  sensitivity 
drop  heights.  We  did  run  large  numbers  of  tests  to  determine  if  the 
impacts  were  repeatable,  which  they  were.  All  experimental  results 
were  repeated  «t  least  5  to  10  times  to  establish  constancy.  Equally 
important,  we  do  not  have  all  of  the  answers  to  questions  concerning 
the  impact  machine,  more  remains  to  be  learned.  Getting  on  with  this 
task  is  important  not  only  for  the  fundamental  reasons  mentioned  above, 
but  also  it  is  beginning  to  appear  likely  that  the  small  scale,  well 
instrumented,  impact  experiments  snd  their  derivatives  may  be  able  to 
provide  insights  into  the  events  that  lead  to  hot  spot  formation  and 
ignition  in  large  scale  experiments.  Because  of  their  ultimate  destruc¬ 
tiveness,  large  scale  experiments  are,  and  likely  will  always  be,  both 
very  expensive  and  very  difficult  to  instrument. 
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AKALYSXS  OF  IMPACT  MACS IKE 

Attmepta  to  understand  tha  raaponaa  of  anargatic  materials  in  an 
impact  machine  are  of  little  value  unleaa  tha  bare  tool  raaponaa  of 
the  machine  is  understood.  This  ia  ao  because  the  bare  tool  raaponaa 
determines  to  a  large  degree  the  rate  and  amplitude  of  loading  that 
the  sample  experiences.  Thera  are  several  maps  of  treating  this  problem, 
the  most  accurate  of  which  would  be  a  detailed  coa^uter  code  analysis. 
This  approach,  it  turns  out,  is  an  unnecessary  overkill.  We  have  found 
that  a  satisfactorily  accurate  approach,  that  emphasises  the  physics 
of  the  impact  process,  is  to  treat  the  machine  es  a  collection  of  mat  a- 
spring  elements  with  one  element  for  each  component  of  the  impact  machine 
Thus,  an  impacv  machine  consisting  of  s  drop  weight,  a  striker-anvil, 
and  a  massive  base,  can  be  simplified  by  treating  these  components  as 
e  series  of  mess-spring  systems  as  shown  in  Figure  (1). 


1 

V  DROP  WEIGHT 

►  STRIKER  AMD  ANVIL 


} 


RASE 


Figure  1 .  Lumped  Mass-Spring  Elements 


If  the  striker  has  a  rounded  end  on  which  the  drop  weight  impacts,  this 
feature  can  be  treated  as  an  additional  Hertsean  (non-linear)  spring. 

We  will  not  treat  this  case  here  since  most  of  our  impact  machine  design/ 
configurations  have  no  strikers  for  reasons  which  will  become  apparent 
shortly.  For  each  mass-spring  system  there  ie  an  equation  of  motion. 

In  the  caae  of  the  impact  machine  represented  in  Figure  1  there  are 
three  equations  of  motion. 


(1) 
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M1X1  -  -  Kl<Xx  -  Xa  -  Xj) 

HaXa  -  -  Xa  <Xa  -  Xj)  +  Kx  <W*3» 

*  “  *3*3  ♦  *2  <*2  -  *3> 

where 

Xx  -  ix  (t)  -  tx(0» 
xa  -  »a  (t)  -  ia(0) 

Xa  -  Aj  <t)  -  Aj(0)  . 

These  ere  coupled  oscillator  equations  in  which  the  natural  frequency 
of  each  elenent  has  the  form  w  «•  ;  K  is  the  spring  constant  and 

M  is  the  mass  of  each  element.  Tlie  typical  impact  machine*  have  bases 
whose  mass  exceeds,  by  several  orders  of  magnitude,  the  masses  of  the 
striker-anvil  and  drop  weight.  Therefore  the  base  can  be  t tested  as 
immovable  because  the  response  time  of  the  massive  base  is  much  longer 
than  that  of  the  striker-anvil  or  drop  weight  systems.  The  remaining 
two  equetions  can  be  solved  using  Laplace  Transform  techniques  to  give 
the  displacement  of  the  striker-anvil  as^ 

*2<tJ  ■  sj  *i<°>  [prjj][y  *in  •*  -  f  *in  rt 

The  force  on  the  striker-anvil  is  just  F^Ct)  »  K2x2(t).  The  total  force 

is  the  sum  of  the  forces  due  to  oscillations  of  both  the  drop  weight 

and  the  striker-anvil.  When  these  forces  go  negative,  rebound  occurs 

and  the  analysis  is  stopped  at  this  point  since  rebound  is  not  of  interest 

to  us.  The  agreement  between  the  above  predictions  and  experiment  has 

been  checked  for  striker  masses  of  25  grams  to  2.5  kg  and  has  been  found 
(1) 

to  be  quite  good. 

When  three  or  more  mass-spring  elements  are  included  in  the  analysis 
or  when  a  curved  interface  is  present,  the  problem  can  be  easily  solved 
by  a  numerical  analysis  scheme  similar  to  tbat  used  in  one-dimensional 
hydrodynamic  code  modelling.  Models  of  this  approach  have  been  solved 
with  four  mass-spring  pairs  on  a  programmable  hand  calculator. 

From  these  results,  it  is  apparent  that  the  combined  ringing  of 
the  drop  weight  and  striker-anvil  can  add  to  give  a  rather  complicated 
force  hiatory.  In  order  to  simplify  the  loading  history  that  a  sample 
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would  nptriMca,  An  designing  the  new  WWC  impact  machine,  we  chose 
to  operate  either  without  a  striker,  in  which  case  the  sample  is  covered 
with  a  thin  metal  or  plastic  Aim,  or  with  only  a  very  low  mass  striker 
(**25  ga).  For  bare  tools  this  results  in  a  clean  nearly  half  sine 
wave  loading  pulse  whose  period  is  determined  mainly  by  the  natural 
frequency  of  the  drop  weight.  There  is  yet  another,  equally  cospelling, 
reason  to  avoid  the  use  of  massive  strikers  and  that  is  that  although  an 
explosive  sample  may  have  sufficient  strength  to  support  the  weight  of 
the  striker,  it  is  really  quite  soft  compared  with  the  loading  forces 
of  impact.  Thus,  on  impact,  tha  strikar  sees  a  relatively  soft  sample, 
and  so  initially  moves  away  from  the  impacting  drop  weight  with  about 
twice  the  velocity  of  the  drop  weight.  The  sample  is  squeshed,  expanding 
until  it  can  support  the  force  of  the  striker  whereupon  the  striker 
r abounds ,  and  flies  free  for  a  ahort  while.  Shortly  thereafter  the 
striker  reencounters  the  still  downward  moving  drop  weight  from  which  it 
rebounds  end  strikes  the  temple  again.  This  sequence  can  occur  as  many 
as  3  to  5  times  during  a  single  drop,  and  in  any  one  of  these  cycles  the 
sample  might  react.  When  multiple  impact  occurs,  it  is  very  difficult  to 
interpret  the  actual  cause  of  the  initiation. 

Our  current  impact  machine  has  a  choice  of  drop  weights  ranging 
from  1  kg  to  10  kg.  These  give  impact  loading  duration  from  120  to 
400  fts.  The  smaller  weight  is  designed  to  give  impact  stress  pulse 
rise  times  of  about  5  /us  which  is  approaching  the  stress  pulse  rise 
time  of  the  Hopkinson  bar.  The  impact  machine,  shown  schamatically 
in  Figure  2,  stands  about  2  a  high.  In  order  to  get  higher  effective 
drop  heights,  the  weight  can  be  accelerated  by  elastic  shock  cords. 

In  this  way,  drop  heights  in  excess  of  20  m  can  be  obtained  with  a  1  kg 
drop  weight. 

To  avoid  the  uncertainties  often  associated  with  samples  in  the 
form  of  loose  powders,  we  generally  employ  sanples  in  the  fora  of  pellets 
5  am  in  diameter  by  1  am  high.  This  sice  permits  the  sample  mess  to 
be  approximately  equal  to  the  35  mg  used  in  the  ERL-Bruceton  machine. 

With  a  5  kg  drop  weight;  the  RSWC  machine  repeatedly  sets  off  dried 
PSTN  pelletr  at  an  8  or  9  cm  drop  height  end  TATB  pellets  at  an 
equivalent  drop  height  of  nearly  5  m. 
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Ortgfnat  Semple  Configuration 


Figure  2 ,  Schematic  of  NSWC  Impact  Machine 

The  preaaure  profile  acroaa  the  diameter  of  the  pellet  during  impact 

(12) 

has  been  determined  both  analytirally  and  experimentally.  ’  It  has  been 
shown  that  the  pressure  during  impact  has  a  maximum  value  at  the  center 
of  the  pellet  disc  and  falls  rapidly  to  the  yield  stress  at  the  edge 
of  the  disc.  During  a  typical  impact,  say  from  releasing  a  5  kg  drop 
weight  from  100  cm,  the  peak  pressure  at  the  center  of  the  disc  may 
reach  1.0  Cpa  (10  kb)  and  fall  to  a  typical  yield  stress  of  perhaps 
150-300  psi.  It  is  straightforward  to  show  that  during  impact  the  shear 
strain  and  shear  strain  rate  attain  maximum  value  at  the  outer  edge 
of  the  impacted  diae.  What  is  significant  is  that  at  the  threshold, 
ignition  always  occurs  in  the  region  very  near  or  at  the  edge  of  the 
sample  disc  in  the  region  of  lowest  pressure  and  highest  shear.  The 
experiments  showing  this  will  be  described  shortly. 

It  has  been  determined  that  ignition  sensitivity  is  dependent  on 
rate  of  loading.  Thus,  different  impact  machines  with  drop  weights 


f 
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and  itriktn  of  different  natural  frequencies  will  hm  different  loading 
rates  for  a  given  drop  height.  Consequently,  because  of  the  dependence 
of  sensitivity  on  loading  rate,  these  aecbines  will  report  different 
sensitivity  drop  heights,  for  example ,  when  no  strikers  are  present, 

EDI  pellets  can  be  set  off  with  a  5  kg  drop  weight  released  fraai  27 
oa.  Taking  a  somewhat  extreme  case  in  which  sis  strikers  of  various 
■asses  were  inserted  in  the  experiment  it  required  120  ca  drop  height 
to  initiate  the  IDS  pellets.  Significantly,  although  the  impact  pulse 
in  the  six  striker  experiment  wss  considerably  different  in  duration 
and  character  than  the  simple  half  sine  wave  generated  by  the  no  striker 
configuretion,  ignition  of  the  KD2  pellets  occurred  when  nearly  identical 
loading  rates  and  stress  amplitudes  were  attained  in  both  experiments. 

IRSTIUHKHTATIOa 

The  MSWC  impact  machine  was  designed  to  incorporate  e  variety  of 
instrumentation  to  allow  it  to  make  measurements  of  the  material  behavior 
and  ignition  processes  as  they  occur  in  the  eesiple  during  impact.  Measurements 
for  these  events  are  essential  to  an  understanding  of  ignition  under 
impact  whether  it  occurs  in  small  scale  aamples  or  in  much  larger  full 
acale  charges. 

Presently,  strain  gages  are  the  primary  means  of  measuring  the 
force  of  impact  on  ths  sample.  These  gages  are  located  on  the  anvil 
to  give  the  average  force  of  the  impact  and  some  information  on  sample 
response.  The  response  time  of  the  gages  now  being  used  is  approximately 
1  ms.  Strain  gages  have  occasionally  been  mounted  on  the  drop  weight 
for  specific  purposes. 

Accelerometers,  mounted  on  the  drop  weight,  are  principally  used 
as  a  check  and  calibration  for  the  strain  gages.  The  signals  from  these 
units  are  generally  noisier  and  have  poorer  frequency  response  than 
the  strain  gages. 

An  optical  thickness  gage  using  a  laser  is  used  to  measure  the 
thickness  of  the  sample  during  impact.  7his  technique,  shown  schematically 
in  Figure  3  can  detect  changes  in  sample  thickness  that  occur  on  the 
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•cal*  of  •  few  teas  of  nitrons  and  in  tint  shortar  thao  1  n*.  It  provides 
a  dirtet  a* Mare  of  inpact  tad  r abound  ftlocltiai  ai  wall  cc  sangla 
thickness  and  rata  of  change  of  thickness.  Thia  information  allow 
tha  energies  of  inpsct  and  of  rebound  as  wall  at  the  energy  transferred 
to  the  sanple-aovil-drop  weight  to  be  determined .  Because  it  is  non- 
intrusive  and  hca  no  direct  aechanlcal  link  to  the  impact  Machine,  it 
ia  planned  to  use  the  laser  thickness  gage  aa  a  replacement  for  tha 
strain  gage  by  differentiating  its  output  to  detornine  acceleration 
of  the  ample. 


Drop  Wt. 

Sample 

Anvil 


Figure  3.  Schematic  of  Optical  Thickness  Gage 

Pressure  gages  can  be  used  to  provide  either  i  go-no  go  indication  of 
reaction  on  inpact  or  a  nore  informative  direct  measure  of  the  amount 
of  gas  produced.  Either  technique  records  only  increases  in  gee  pressure 
end  is  insensitive  to  the  acoustic  noise  of  the  inpact.  At  such,  it 
is  wuch  superior  to  any  acoustic  device  that  night  be  used  to  aeseure 
the  ooise  output  of  a  reaction. 
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Infrared  senoors  hurt  bora  used  to  Measure  tho  hoot  generated  by 
both  energetic  and  inert  solid  notarial*  on  impact.  For  thaaa  devices 
tba  iapact  mchina  was  Modified  to  include  a  sapphire  or  a  silicon  anvil 
through  which  thu  infrarod  davica  views  tha  srapla. 

A  hast  aansitiva  fils  ttchniqu*  based  on  the  transparent  fila  mde 
for  vu graphs  ha*  been  davelopad  at  IRIC  to  neaeure  the  spatial  location 
and  to  satinets  the  £ superstore*  of  local  hot  spot*  and  reaction  site* 
that  occur  adjacent  to  the  fila'*  surface. Thi*  technique,  described 
in  detail  in  the  above  references,  has  proved  to 

be  an  extraatly  useful  and  inforaative  tool;  not  only  in  isfact  experiments 
but  in  low  level  ahock  experiaent*  as  well. 

SOME  EXPERIMENTAL  RESULTS 

A  rather  surprisingly  large  nuaber  of  experiaental  results  have 
coae  out  of  this  work.  Many  of  these  results  were  not  anticipated  and 
could  not  easily  b*  explained  by  conventional  theories.  For  sows  of 
these,  new  hypothesis  have  been  advanced,  while  others  reaain  to  be 
explained. 

At  the  onset  of  thi*  work,  it  was  realised  that  the  experiaent* 
of  Heavens  and  Fiald^  at  the  Cavendish  Laboratory  in  which  they  deaonstrated 
the  correlation  between  a  sudden  collapse  of  the  saaple  and  the  start 
of  ignition  in  crystals  of  EMI  and  RQX  a*  well  as  other  explosives, 
was  indicative  that  the  process  of  asterial  failure  was  linked  to  that 
of  hot  spot  formation.  It  is  believed  that  this  linkage  aost  likely 

occur*  via  localised  defonaation  associated  with  the  aaterial  failure. 

(7) 

It  ha*  biJM  found  at  Cavendish  and  at  NSWC  that  surpressing  the  sudden 

failure  of  explosive  crystals  under  iapact,  by  surrounding  thsa  with 

the  appropriate  p lattice,  decreases  their  sensitivity.  Thu* ,  the  sensitivity 

of  tha  FBX'a  is  lass  than  that  of  their  najor  explosive  components  because 

of  the  presence  of  the  plastic  Matrix  Materials.  More  i sporcautly, 

tha  explosive  response  to  ixpact  (which  will  be  reviewed  shortly)  of 

■any  Fix's  is  considerably  leas  than  that  of  their  wain  explosive  component . 
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Mott  nx'i  ahow  littlt  or  no  indication  of  auddon  material  failure  under 
inpact.  A  fan  axjjearinantal  nixturat  of  PBX'a  and  propa Hants  did  show 
indications  of  sudden  aatarial  failure;  these  meter it Is  were  generally 

mors  sensitive  to  initiation  and  More  likely  to  produce  a  violent  response 

(8) 

due  to  inpact.  It  is  known  fron  Suasion  work  ,  that  if  the  sudden  failure, 
were  to  be  suppressed  by  preventing  flow  through  confinement,  then  an 
otherwise  sensitive  aatarial  could  be  aade  to  appear  very  insensitive. 

Thus,  inpact  machines  that  use  a  confined  sanple,  such  as  the  Rotter 
or  Picatinny  machines,  will  give  different  results  than  the  Bruceton- 
RSL  or  the  new  KSWC  machines  that  employ  no  radial  confinesMnt. 

Experiuents  using  the  heat-sensitive  filn  have  shown  a  number  of 

interesting  and  very  surprising  results.  The  experiment,  as  it  finally 

evolved,  consisted  of  a  sandwich-like  affair  in  which  the  sample  pellet 

was  placed  between  two  sheets  of  heat  sensitive  film.  Briefly,  since 

(4  5) 

these  results  have  been  reported  elsewhere,  8  it  has  been  shown  that 
at  threshold,  ignition  alanst  never  occurs  in  the  high  pressure  region 
near  the  center  of  the  sample  (P  >10  kb)  but,  when  it  occurs,  ignition 
almost  always  occurs  at  or  very  near  the  low  pressure  region  near  the 
outer  edge  of  the  sample.  This  is  the  region  of  maximum  shear  and  minimum 
pressure.  Pressures  in  this  outer  region  approach  the  yield  stress 
the  awterial  which  generally  is  quite  low  and  can  be  as  smell  as  150  pai 
for  some  PBX's  and  propellants.  Among  the  two  exceptions  that  have  been 
noted  to  date  is  TA1B,  in  which  occasionally  hot  spots  and  some  ignition 
sites  have  been  observed  slightly  beyond  the  original  radius  of  the 
sample  disc.  This  may  in  pert  be  due  to  the  high  loading  rates  which 
produced  hot  spots  early  in  the  sample  expansion,  end  which  afterwards 
were  surrounded  by  the  subsequent  expansion  of  the  sample.  The  other 
exception  wee  seen  in  a  series  of  impacts  on  propellant  gun  stocks. 

Those  materials,  which  contained  67X  MG,  cracked  on  impact.  Ignition 
sites  occasionally  occurred  along  the  crack  surfaces.  The  cracks  extended 
in  a  labyrinth  like  faehion  and  the  occasional  ignition  event  propagated 
along  the  crack.  In  summary,  in  both  these  experiments  and  in  other 
large  scale  experiments ,  rapid  shear  and  high  rate  deformation  ere  the 
important  elements  in  generating  hot  spots.  Pressure  appears  to  have 
little  or  no  role  to  play  other  then  to  provide  the  driving  force  for 
these  other  processes. 
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In  a  sat  of  rathar  interesting  experiments ,  the  explosive  response 
of  snail  samples  («35  mg)  to  impact  induced  ignition  is  measured. 

This  is  not  a  sensitivity  test,  the  impact  parameters  are  chosen  to 
cause  the  initiation  of  a  reaction  in  the  samples  (for  example,  a  5  kg 
drop  weight  released  from  150  cm).  The  sample  is  impacted  in  a  confined 
volume  (s*  120  am  ) ,  end  the  pressure  generated  by  gas  evolved  in  the 
reaction  is  recorded.  The  explosive  response  it  measured  by  examining 
both  the  amplitude  and  rate  of  rise  of  the  gas  pressure.  Those  materials 
that  respond  violently,  display  a  very  large  amplitude,  steeply  rising 
pressure  pulce,  « 800-1000  psi  in  » 1-5  tin.  The  less  violent  materials 
give  responses  of  the  order  of  100  psi  in  80-100  fit.  In  this  way,  it 
is  possible  to  detect  differences  in  the  explosive  response  between 
similar  materials  such  as  would  occur  in  slight  modifications  of  a  PBX 
as  shown  in  figure  4.  Detection  of  the  differences  in  the  explosive 
response  of  two  dissimilar  materials  is  generally  very  easy.  It  now 
appears  possible,  with  the  explosive  response  technique,  to  provide 
guidance  to  the  explosive  and  propellant  formulators  to  optimally  develop 
energetic  materials  insensitive  to  impact.  However,  at  this  time  much 


200pai 


Pressure  Gage 


Figure  4.  Explosive  response  of  two  similar  PBX 
formulations. 

■ore  testing  remains  to  be  done  to  establish  this  premise  with  certainty. 
Finally,  as  a  reminder,  these  experiments  all  ■.rxsure  response  to  impact, 
and  there  can  be  no  certainty  that  similar  responses  would  occur  for 
other  stimuli  such  as  shock  or  heat. 
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THEORETICAL  ASPECTS 

The  theoretical  treatment  of  hot  «pot  formation  ha®  focuaad  on  tha 
localized  deformation  processes  that  occur  in  crystal®  and  the  localized 
heating  associated  with  this  deformation.  This  work  has  been  developed 
elsewhere  and  will  only  briefly  be  described  here.  When  a  crystal  under¬ 
goes  rapid  deformation  and  shear,  the  deformation  is  localised  and  occurs 
mainly  along  slip  planes.  Usually  the  deformation  occurs  along  a  number 
of  slip  planes  which  taken  together  form  a  shear  band.  The  material  on 
either  side  of  the  shear  band  essentially  remains  undeformed.  In  e  series 
of  pepers,  we  have  developed  a  theoretical  treatment  of  the  heating  aaaociated 
with  the  localised  deformation.^’ Basically,  the  theory  treats  the 
local  heating  produced  by  moving  dialocations  that  are  generated  in  a 
crystal  as  it  undergoes  failure.  Currently  of  interest,  is  the  local  heating 
produced  at  the  tip  of  a  propagating  crack.  At  the  creek  tip,  a  similar 
dislocation  motion  occurs,  and  consequently,  similar  heating  must  occur. 

CONCLUSIONS 

Unfortunately,  limited  time  and  space  have  made  it  necessary  to  only 
briefly  cover  the  topics  of  the  review.  However,  much  of  what  has  been 
covered  has  been  published  in  greater  detail  elsewhere  or  is  in  the  process 
of  being  published. 

We  wish  to  convey  the  message  that,  if  instrumented  carefully  and  thought¬ 
fully  analyzed,  the  impact  machine  can  be  made  to  yield  valuable  information 
and  insights  into  the  processes  responsible  for  the  initiation  of  energetic 
materials  by  relatively  low  level  impacts.  Also,  impact  testing  can  be  made 
to  provide  direction  to  the  process  of  developing  energetic  material  formulations 
that  are  minimally  sensitive  to  impact.  Finally,  it  now  seems  possible  that 
the  impact  machine  and  its  derivatives  can  be  made  to  yield  insights  into  the 
processes  responsible  for  impact  initiation  of  large  scale  charges.  In  fact, 
given  the  very  high  costs  and  difficulties  of  adequately  instrumenting  and 
interpreting  large  scale  tests,  and  the  necessity  of  obtaining  a  sufficient 
data  base  to  reliably  estimate  explosive  and  propellent  safety  ^nd  survivability 
in  an  increasingly  hostile  and  demanding  environment,  it  seems  inevitable  that 
small  scale  impact-like  testa  must  be  developed  to  complement  the  large  scale 
teats.  This  marriage  can  only  be  meaningfully  achieved  if  the  processes 
responsible  for  impact  induced  ignition  ere  understood. 
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DoD  5154. AS,  "DoD  Ammunition  and  Explosives  Safety  Standards," 

.  Chapter  1A,  Chemical  Agent  Standards 

R.JA.  Scott,  PhD,  FAIC 

\,  DDESB,  Alexandria,  VA  22331 

The  Department  of  Defense  Explosives  Safety  Board  by  DoD  Directive 
515A.A  is  charged  with  protecting  personnel  from  the  hazards  associated 
with  chemical  agents  and  ammunition.  In  July  of  1980  the  DDESB  Physical 
Scientist  was  tasked  with  developing  uniform  and  comprehensive  standards 
for  DoD  Component  use.  After  service  coordination  and  modifications  the 
DDESB  Board  Members  approved  the  subject  standards  in  March  1982.  Chapter 
14  was  published  as  Interim  Change  A  of  DoD  515A.AS,  20  August  1 

The  following  pages  outline  the  content  in  the  chapter's  seven 
sub-paragraphs.  \ 
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CHEMICAL  AGENT  STANDARDS 


EXPOSURE  Limits  must  be  established  prior  to  bulk  agent  production  or  use  as  a  filler  in 
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CHEMICAL  AGENT  STANDARDS 


ER  PERCUTANEOUS  REQUIRED  IN  OPERA 


CHEMICAL  AGENT  STANDARDS 
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o  VACUUM  BREAKERS  ON  WATER  OUTLETS 
o  DEDICATED  WASTE  SUMPS  AND  DIKES 
o  DECONTAMINATION 
o  CHANGE  HOUSE  FACILITIES 
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AN  ASSESSMENT  OF  THE  CURRENT  STATE-OF-THE-ART 
OF  INCAFAC ITAT ION  BY  AIR  BUST 


William  Koklnakis,  Ballistic  Research  Laboratory,  Aberdeen  Proving 

Ground,  Maryland  21003 


Ronald  R,  Rudolph,  KETRON,  Inc.,  Baltinore,  Maryland  21204 


ABSTRACT 


Target  vulnerability  methodology  requires  a  criticality  measure  for 
all  internal  components  which  contribute  to  a  system  or  to  a  aye ten's 
weapon  effectiveness,  including  that  of  the  human  target.  Such  measures 
have  been  developed  for  personnel  targets  for  kinetic  energy  penetra- 
tors;  however,  there  Is  presently  no  generally  accepted  quantitative 
measure  of  incapacitation  to  Infantry  or  crew  personnel  from  the  prime 
bleat  threat.  (Vulnerability  analysts  presently  uee  lethality  data 
derived  from  Lovelace  Foundation  research  to  Infer  an  Incapacitation 
level  for  blast,  but  thsss  criteria  are  not  very  realistic  In  that  they 
tend  to  underestimate  casualty  production  from  blast  threats.)  Thus,  a 
generalized  criteria  for  aatimating  Incapacitation  to  military  personnel 
from  air  blast  overpressures  Is  urgently  needed  to  provide  vulnerability 
analysts  a  realistic  measure  of  blast  effectiveness  as  well  as  to  estab¬ 
lish  a  common  base  for  comparing  incapacitation  to  personnel  from  blast 
and  from  kinetic  energy  threat  mechanisms. 


jTo  address  this  need,  an  assessment  of  the  current  state-  of-the- 
art  of  lncapacltatlon/lnjury  by  air  blast  has  been  made  through  survey 
of  both  early  and  modern  research  of  blast  effects  against  personnel. 
Most  of  the  etudles  end  findings  appropriate  for  consideration  in\ 
developing  a  blast  casualty  criteria  were  completed  in  the  modern  or  \ 
poet-1950  era,  which  coincided  with  publication  of  the  Orman  and  Brit-  j 
lsh  Wprld  War  XI  blast  research  in  the  open  literature  and  Initiation  of_^/ 
nuclear  testing  with  various  animal  species .c^TflBBOdeTl  Which  UPTS'gen- 
erated  ranged  from  those  associated  with  temporary  threshold  shifts  In 
hearing  to  those  for  99  percent  mortality.  Bounding  these  two  extremes 
were  a  number  of  studies  characterizing  injury  or  physiological  damage, 
to  which  incapacitation  may  be  related  or  Inferred  by  establishing  lim¬ 
its  beyond  which  an  Individual  cannot  effactlvely  perform  his  designated 
mission*-— The  research  results  most  germane  to  this  consideration  were 
Hlrsch'sY^ardrum  Rupture  Criteria,  Richmond's  Partial  Impulse  Criteria 
for  LD50' 

These  nave  ffefn  evaluated,  their  strengths  and  weaknesses  Identified, 
and  recommendations  for  their  utility  In  vulnerability  assessment  are 
provided. 


inw.ty  ar^*”(  ’■i 
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The  literature  search  conducted  by  Mr. 
Ronald  R.  Rudolph,  the  coauthor  of  this 
paper,  uncovered,  reviewed,  and  analysed 
sixty  two  report*  from  seven  countries  which 
dealt  with  primary  blast  Induced  Injuries. 
Mot  surprisingly,  one  third  of  the  docu¬ 
ments  related  to  the  extensive  blast 
research  performed  by  the  Lovelace  Founda¬ 
tion,  mostly  during  the  1960's.  Another 
thirty  three  related  to  other  US  sponsored 
research  and  thsrt  ware  seven  Swedish  docu- 
aents  end  one  each  from  the  United  Kingdom, 
France,  USSR,  and  Yugoslavia.  Many  other 
excellent  US  and  foreign  reports  on  blast 
Injuries  were  scanned  during  the  Intel  il 
review  but  these  were  ellalnated  froa 
further  consideration  beeause  the  danege 
mechanisms  were  not  prlaary  hlaat.  The 
Intent  of  our  effort  waa  to  collect  data 
oriented  towards  or  appllcabla  to  personnel 
Incapacitation  froa  prlaary  blast  effects, 
thus  secondary  and  tertiary  effects  were 
not  considered. 


We  found  little  support  in  the  litera¬ 
ture  for  keying  on  the  eyes,  brain,  central 
nervous  systea,  or  the  skeleton  at  aeasures 
of  effectiveness  for  estimating  Incapacita¬ 
tion  or  for  relating  allltary  casualty  pro¬ 
duction  to  sublathal  dosages.  In  fact,  our 
I960  study  supports  the  general  findings  and 
conclusions  of  both  early  And  poet  1°50 
researchers  that  the  ear  and  lung  systems 
were  the  most  vulnerable  body  systems  with 
regard  to  the  pure  blast  damage  mechanism. 
Of  the  two,  the  hearing  system  1#  univer¬ 
sally  recognised  as  the  son  vulnerable  com¬ 
ponent  ,  but  not  the  most  critical,  to  pure 
blast.  Eyes  ara  vulnerable  but  only  if  the 
blast  causes  flying  debris  (secondary 
effects).  Serious  lung  hemorrhaging  due  to 
primary  effects,  quite  often  leading  to 
death,  apparently  occurs  at  blast  levels  tco 
low  to  cause  damage  to  other  body  components 
such  as  the  heart,  the  coaponents  of  the 
abdomen,  the  central  narvous  systea,  or  the 
skeleton.  (The  Lovelace  Biomedical  and 
Environmental  Research  Institute  have 
recently  found  (l)  thst  the  threshold  values 
from  laryhgeal  lesions,  41  kPa  (6  pel),  and 
gaatrointastlnal  tract  Injury,  55  kPa  (B 
pal),  were  below  that  for  lung  hamorrhage, 
76  kPa  (ll  pal).  In  the  opinion  of  medical 
experts,  these  are  considered  slight  Inju¬ 
ries  which  would  not  be  expected  to  Impair 
human  performance.)  Heart  damage  has 
apparently  been  observed  in  some  experimen¬ 
tally  produced  exposures  of  animals;  how¬ 
ever,  this  type  of  damage  has  generally  been 
assessed  to  be  a  conceouance  of  lung  hemor¬ 
rhaging.  Skeletal  damage  does  not  occur 
unlaas  the  blast  winds  are  great  enough  to 
cause  body  translation  (tertiary  effects). 
The  skull  apparently  provides  sufflclsnt 
protection  to  the  brain  If  tha  body  of  the 


exposed  victim  cannot  be  translated.  Ho 
evidence  was  uncovered  that  suggested  that 
significant  damage  to  the  central  nervous 
systea  could  result  from  blast  exposures 
lower  than  that,  required  to  produce  lung 
hemorrhaging. 

Prior  to  our  survey  of  the  current  state- 
of-the-art  of  knowledge  In  primary  blast 
of facte,  there  waa  no  generally  accepted 
quantified  measure  for  Inferring  Incapacita¬ 
tion  of  military  personnel  from  blast 
Induced  weapons  or  devices.  In  lieu  of  a 
generalised  Incapacitation  criteria  for  per¬ 
sonnel,  vulnerability  analysts  have  usually 
resorted  to  inferring  Incapacitation  from 
blaat  lethality  criteria  developed  by  the 
Lovelace  Foundation  for  Medical  Education 
and  Research  (2).  These  criteria  function¬ 
ally  relate  percent  lethality  to  two  charac¬ 
teristics  of  air  blast;  Maximum  overpressure 
and  duration  of  the  positive  phase  of  the 
incident  overpressure.  Impulse  is  another 
characteristic  to  which  damage  la  frequently 
correlated.  While  Incapacitation  does  not 
imply  lethality,  lethal  criteria  were 
assumed  to  provide  an  upper  hound  for 
incapacitation  criteria.  In  this  context,  a 
lover  bound  on  Incapacitation  criteria  could 
be  defined  from  criteria  associated  with 
temporary  threshold  shifts  In  hearing.  Cri¬ 
teria  at  the  lower  extreme  are  called  daaage 
risk  criteria,  hearing  conservation  criteria 
and  design  standards.  They  are  established 
principally  to  protect  the  hearing  organs  of 
personnel  from  the  damaging  effects  of  over¬ 
pressure,  In  general,  and  Impulse  pressure 
(gun  fire).  In  particular.  Examined  from 
this  point  of  view  lethality  criteria  belong 
to  the  incapacitation  criteria  clasa;  the 
design  standards,  damage-risk  and  hearing 
conservation  criteria  do  not.  Any  criteria 
between  these  two  hounded  types  should  also 
belong  to  the  incapacitation  type  provided 
that  the  criteria  establish  limit*  beyond 
which  an  Individual  cannot  effectively  per¬ 
form  hit  designated  mission. 

Crltsrta  falling  within  these  general 
bounds  are; 

o  Hfreh's  Eardrum  Rupture  Criteria  (3) 
o  Richmond's  Partial  Impulse  Criteria 
for  LD,fl  Blast  Waves  Augmented 
with  tne  One-Ousrter  Rule  for 
Estimating  Threshold  Lung  Pamage  (4) 
o  The  Lovelace  Threshold  Lung  Pamage 
Criteria  (2) 

I  would  like  to  review  each  of  the 
preceding  criteria  In  some  detail,  and 
present  the  lethellty,  threshold  lung  dam¬ 
age,  eardrum  rupture,  and  hearing  damage 
risk  criteria  In  a  format  suitable  for 
rsttonal  examination  and  then  suggest  some 
utility  for  their  application  to  an  Interim 


1446 


blaat  tncapacltatlon  modal* 

By  1962,  the  Love  laca  team  had  enough 
data  col  Uc  ted  to  ba  able  to  auika  a  tenta¬ 
tive  estimate  of  »an'«  tolerance  to  oharp- 
rlslng  overpressures  free  blaat  (5).  This 
estimate  vaa  baaed  on  data  collected  on 
nearly  three  thousand  an Inal a  that  either 
had  been  exposed  tn  shock  tubes  to  sharp 
rtstnirovarpraeaure  with  long  durations  or 
In  test  arenas  to  sharp  rlslng-overpraasurea 
with  short  durations.  In  all  lnataneea  the 
tolerance  of  the  anleal  was  assessed  In 
tanas  of  lethality.  Prohit  analysis  was 
used  to  dstorwine  the  overpressure,  LD50  , 
required  for  the  occurrence  of  50  percent 
lethality  for  each  of  several  ovarproasura 
pulse  durations,  the  reeults  are  presented 
in  Figure  1.  Note  that  50  percent  lethality 
curves  are  presented  for  six  mammalian 
species,  two  large  and  tha  remainder  small. 
In  Investigating  man's  tolerance  to  blaat, 
the  Lovelace  team  found  various  species  of 
■aomala  belong  to  either  ons  of  two  groups, 
depending  on  the  average  gasaoua  volume  of 
lung*  per  body  mass,  or  the  average  lung 
density.  Theae  groups  can  ba  roughly 
thought  of  as  small  and  large  mammal  groups. 
The  goat  and  dog,  aa  well  as  man,  belong  in 
the  large  species,  or  high  tolerance  group, 
the  remaining  animals  In  the  low  tolerance 
group.  Also  note  the  change  In  shape  or 
break  upward  in  the  curves.  Hie  area  where 
the  curve  breaks  upward  la  called  che  criti¬ 
cal  duration  and  la  unique  to  apeclea,  as 
can  be  Inferred  from  the  data  presented  on 
the  graph.  I  will  have  further  comments  on 
this  spec  tea  characteristic  later  in  the 
paper. 


square  Inch.  Tha  formulas  wars  than  used  to 
calculate  the  lb-.  value  -  for  a  ?0-kg  <!5* 
pound)  body  weight  (steamed  to  be  tha  a  var¬ 
ans  weight  of  a  man)  for  each  at  the  above 
mentioned  overproeaure  durations.  The 
result  la  tha  middle  curve  shewn  In  Mgure 
3.  T»ta  mama  process  was  used  to  develop  the 
Lb.  and  LF>9-  lethality  curves  also 
displayed  In  tno  figure.  For  several  rea¬ 
sons  mentioned  by  the  authors,  tha  curves 
displayed  In  Flgura  3  wars  only  to  be  used 
oa  a  guide.  They  suggested  that  a  band  run¬ 
ning  from  20  percent  below  to  10  percent 
above  each  curve  might  bracket,  tha  actual 
tolerance  value. 


Between  1962  and  I960,  the  Lovelace 
team  continued  to  make  refinements  In  its 
analytical  technlaues,  baaed  upon  examina¬ 
tion  of  the  considerable  amount  of  ex^Mrl- 
mental  data  which  by  then  had  become  avail¬ 
able.  For  example,  the  mammal  species  data 
Regression  analysis  was  then  used  to  bate  was  increased  to  thirteen  with  tnclu- 

expreas  log  (LDj*)  as  a  linear  function  of  alon  of  results  for  tha  hamster,  cat,  hurro, 

log  (BW),  where  BW  la  tha  body  weight,  for  steer,  monkey,  sheep,  and  swine.  The  result 

each  of  several  overpressure  durations:  was  that  in  196ft  this  team  was  able  to 

3,5,10,30,60,  and  *00  msec.  Tha  results  for  express  percent  survival  in  terms  of  (1) 

one  of  these  durations,  *00  msec,  are  maximum  reflected  overpressure,  (2)  duration 

displayed  in  Figure  2.  Tha  coefficient*  in  of  the  wave,  (3)  body  rasa  of  the  animal, 

tha  displayed  linear  ragraaalon  aquation  and  (*)  an  individual  species  tolerance 

were  determined  on  the  beats  of  BW  being  index  (2).  At  the  sea-  time,  and  probably 

expressed  in  gram*  and  LP,0  in  pound*  per  most  importantly,  scaling  of  available 


emptrleel  rad*  It  powUlc  to 

eppfcy  tho  r*#«2  ta  to  certain  m poaure  eitua- 
ciMt  in  fha  ft««  stream,  t.e.,  wit  hoot  tha 
reflecting  surface.  Piter*  4  present*  the 
revised  Lovelace  to,,  Lt>  e,  and  LT)„  lethal- 
It?  cure**  (or  a  70-Rg  mb*  The  curve*  era 
plotted  a*  a  function  of.  peak  or  aaelaM 
lRcldoot  overpressure  war bus  the  duration  of 
she  positive  phase  and  ova  applicable  to 
fraa-atroMi  aituatlona  whate  the  lot?*  axle 
of  the  bod?  ts  perpendicular  to  the  direc¬ 
tion  xof  propagation  of  tho  ahockod  blast 
war*.  Two  other  criteria  wet  i  alao 
developed  but  these  will  not  be  presented 
here  In  view  of  apace  limitations  for  tha 
papar.  They  deal  with  the  frae-atraae 
situation  where  the  long  axis  of  the  body  la 
parallel  to  the  direction  of  propagation  and 
tha  condition  where  tha  thorax  la  near  a 
surface  against  which  a  shocked  blaet  wave 
reflects  at  normal  Incidence. 


was  observed  that  potaehlat  hemorrhage* 
first  appeared  at  the  M-tlft  kPa  (13-14  pot) 
level  and'f  email  Isolated  haaaerrhegea  were 
produced  at  the  1 3E-207  kPe  (30-30  pet) 
urea.  It  was  not  ua:ll  the  preoeuree 
reached  the  lethal  range  that  ears  sertoas 
confluent  heeorrhagoo  occurred  and  lung 
weight  Increased  significantly  over  central 
weights.  The  authors  concluded  tltat  tho 
threshold  for  petechial  lung  heeorrhaga  In 
doge  aeounta  to  approximately  one  querter  of 
the  ID.,  dose  and  wore  serious  injury  occurs 
at  about  the  three  quarter  dose.  Expert- 
■ones  with  sheep  exposed  to  reflected  pres¬ 
sures  of  short  duration  showed  threshold 
lung  damage  occurring  st  107-341  kPa  (30-33 
psl).  Tho  thrashold  In  this  ease  was  only 
slightly  lass  then  one  fourth  of  the  LD„0 
does  of  1144  kPa  (IM  pet)  for  aheap.  The 
Lovelace  tea*  concluded  that.  "It  teeeo  aafa 
to  genarallca  on  the  setter  and  uae  on* 
fourth  of  the  LI).-  doe*  ae  the  beginning  of 
lung  deatage  and  three  fourths  of  LTL-  (about 
the  threshold  of  lothaltty)  as  the  beginning 
of  severe  lung  dasMge."  Thus,  tha  establish- 
sent  of  the  one-quarter  Lh._  lethality  dosa 
for  onset  of  threshold  lung  daaiagt. 


Figure  3  displays  the  threshold  lung 
damage  curve  and  the  U>,  lethality  curve  for 
the  orientation  of  the  long  axle  of  the  body 
perpendicular  to  tha  blast  winds.  (The 
regaining  three  curves  shown  In  this  figure 
will  bo  discussed  end  explained  below.) 


It  l*  the  lower  or  l  percent  lethality 
curve  that  the  vulnerability  community  usee 
ae  a  measure  of  Incapacitation.  The  logic 
for  this  choice,  other  than  the  fact  that 
nothing  rare  appropriate  wee  available  st 
the  time,  was  that  the  99  percent  who  sur¬ 
vived  would  wont  certainly  be  completely 
Incapacitated.  It  la  alao  obvious  that  the 
use  of  the  1  percent  lethality  curve  ae  * 
threshold  for  Incapacitation  underestimates 
the  true  number  of  casualties  from  blast 
because  moot  certainly  there  would  be  aoee 
casualties  who  would  be  completely  Incapaci¬ 
tated  for  leaser  levels  of  prsaaure-duratlon 
than  defined  for  this  curve. 


The  next  descending  measure  of  Injury 
for  which  criteria  exlet  Is  that  for  the 
thorax.  Threshold  lung  damage  criteria  were 
developed  by  the  Lovelace  Foundation  baaed 
primarily  upon  poet  eortae  examination  of 
the  lung*  of  two  anlaal  spwcf.es  used  In  the 
lethality  experiment*  (6).  The  first,  for 
doge  showed  that  the  Incidence  and  degree  of 
lung  hemorrhage  Increased  lung  weight  when 
the  caxtuua  overpressure  waa  Increased.  It 


The  threshold  criteria  are  referred  to  as 
"cookie  cutter"  criteria  In  that  the  proba¬ 
bility  of  lung  damage  la  aero  If  the  over¬ 
pressure  la  below  tha  curve  and  unity  If 
above.  Note  that  tha  region  of  tha  LI), 
lathality  curve  tdiereln  the  curve  hreakl 
upward,  which  I  earlier  defined  a*  tha  crit¬ 
ical  duration,  lies  between  25  and  30  meec, 
for  man.  ion  Clerks  (7)  and  others  had 
observed  that  the  magnitude  of  the  thorax 
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nnsaiKM  fN^mncy  duration,  tha  (t*«  at 
which  tha  tissue  la  a  maximum  atraln,  la  of 
the  aaua  magnitude  and  had  concluded  that  It 
la  tha  thorax  raaonaneo  that  determines  tha 
critical  bloat  duration,  or  the  hand  in  tha 
blaat  sensitivity  curvaa.  Because  of  thla, 
tha  critical  duration  haa  alae  boon  collod 
tha  critical  raaonaneo  frequency  duration  of 
tha  aystaa. 


Tha  scaling  of  impulse  for  50  parcont 
Mortality  uaa  accoapllahad  by  Richmond  (6) 
but  tha  consideration  of  Impulse  ao  a  damage 
mechanism  was  flrat  docuoantad  by  tha  Canaan 
sclentlrt  Schardln  during  World  War  Tl  who 
ohowod  by  experimentation  that  mammalian 
raaponaa  to  air  blaat  la  oora  naarly  depen¬ 
dant  on  overpressure  lapulaa  (  f  fit)  If  the 
durations  ara  abort  and  on  ovarpratiura 
alona  if  tha  durations  ara  long.  Cleucdcon, 
Von  Clark* ,  and  tha  Lovelace  taaa  all  had 
observed  that  It  la  natural  to  rolata  long 
and  short  to  raaponaa  tins  or  natural  psrlod 
of  tha  Mooallan  thorax  alnea  tha  lunga  ara 
tha  principle  targat  organa.  In  developing 
hla  Partial  lapulaa  Criteria,  Richmond 
railed  on  Infonaatlon  pertaining  to  the 
datoralnat  Ion  of  tha  as  Hum  lethal  praaaure 
requited  for  50  percent  Mortality  of  dogs 
and  goats  for  fast  rising  ahock  waves.  The 
test;  data,  displayed  earlier  In  Figure  1, 
and  reproduced  In  Figure  6,  warn  obtained 
fro*  Z04  dogs  having  body  weights  ranging 
froa  11.4  to  25.4  kg,  with  a  mean  of  16.5 
kg,  and  115  goats  with  body  weights  ranging 
from  16.1  to  29.5  kg,  and  with  a  naan  of 
22.2  kg.  Durations  ranged  froa  a  max  Inin  of 
400  neac  to  a  nlnloua  of  1.5  nsec.  Problt 
analyst*  was  used  to  obtain'  tha  UJ,.  graphs 
ahovn  In  this  figure.  Tha  dashed  lines 
nhovn  are  Iso-impulse  lines  for  reflected 
pressure,  computed  from  Measured  peak  pres¬ 
sures  and  duration.  By  repeated  trials,  a 
scaled  tlea,  t  ,  was  found  which  resulted  In 
a  near  constant,  scaled  partial  Impulse, 
found  by  Intergrating  tha  reflected  pressure 

over  the  pertlsl  duration  Interval  (t,  t  ). 

o 


As  shown  In  Figure  T,  the  value  of  the 
scaled  partial  but>3ee  for  these  sp*cleafwas 
207  kPa-asac/kg  ri  (30  p»;-nsee/  kgWJ). 


Note  tn  thla  figure  chat  atmospheric  pres¬ 
sure  can  be  adduced  since  tha  atmospheric 
praaaure  at  the  Albuquerque,  New  Maxine 
faeiilty  where  tha  tests  were  conducted  le 
approximately  63  kPa  (12  pet)  rather  them 
the  ucuMlly  aeeumed  101  kPa  (14,7  pei). 
Because  It  ta  used  to  compute  critical  par¬ 
tial  Impulse,  the  time  t  la  referred  to  aa 
tha  crlttcal  partial  Impulse  ties  or  charac¬ 
ter  latte  raaponaa  tine. 


From  these  data,  Lovelace  reported  that 
for  I6.5~kg  dogs,  an  lapulaa  of  526  kPa-msee 
(76.4  psl-msac)  daltvared  over  1.53  as 
corrceponds  to  the  medium  lethal  dose.  For 
22.2-kg  goats,  the  values  wars  580  kPa-nsec 
(84.2  pst-nsec)  applied  over  the  Initial 
1.69  msec  of  the  pulae.  Comparable  figures 
for  a  70-kg  manual  were  855  kPa-nsec  (124 
psl-uaec)  delivered  during  the  flrat  2.47 
nsec  portion  of  tha  curve.  Thus,  the  first 
estimate  of  a  70-kg  man's  characteristics 
raaponaa  tine  was  2.47  msac  at  an  ambient 
pressure  of  83  kPa  (12  pot). 

Tha  technique  just  described  and 

displayed  on  this  figure  Is  known  as 
Richmond's  Partial  Impulse  Criteria  for 
Blaat  Waves  (6)  which  he  augments  with 
One-Quarter  Pule  for  estimating  threshold 
lung  damage.  The  computation  of  charac¬ 
teristic  response  time  was  derived  from 
scaling  aquations  established  In  developing 
a  Lovelace  Lung  Nodal  (8). 


Kota  In  line  2  of  Figure  7  that  the 
eapiricslly  derived  value  of  the  constant, 
K,,  wsa  0.6  for  the  Albuquerque  test  facil¬ 
ity  where  ambient  praaaure  la  83  kPa  (12.0 
pal).  In  1968,  Bowen  (2)  determined,  by  a 
trial  and  arror,  a  characteristic  response 
time  of  2.23  me  lor  a  70-kg  man  In  a  101  kPa 
(14.7  pal)  environment.  Based  upon  this 
finding,  Richmond's  Partial  Impulse  Criteria 
reveala  that  If  a  944  kPa-msae  (137  pal¬ 
mate)  affective  pules  ta  delivered  in  a 
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ehtmtHlitlc  m^MU  * 4t—  of  2.13  Moo 
against  o  70- kg  mem  la  v  V01  kfe  (14.7  pal) 
•■biant  ptMMN,  the  mb  ha*  *  $0  percent 
chase*  of  eertaltty.  QMer  lh«  mm  ooovtor 
empirically  dsrlved  tula,  tha  criterion  for 
thresheld  last  da— go  to  kk—  a  IM  Vfa-maec 
(34  pal-**}  Impulse  delivered  in  2.25  a*. 

Tha  Swedish  scientists.  Cl«***deen  and 
Jonsacn,  have  also  recently  coatpletad  inves¬ 
tigation*  directed  toward*  aatiaa tfng  tha 
riak  of  personnel  to  blast  (8).  Baaed  upon 
experiments  with  rabbit*  and  maths— etcal 
nodal int  and  scaling,  they  determined  tha 
rtaka  to  fun  era— an  carving  raeotlaea 
rtflaa  froa  within  bunker*.  In  regard*  to 
tha  thraahold  lung  Injury  to  —  n,  tha 
author*  fait  that  tha  analyst*  of  tha 
affacta  of  cmplai  pressure  pattarna 
davalopad  by  tha  rapid  flro  of  a  waapon  in 
an  inclosed  rooo  should  ba  treated  la  taraa 
of  crltarla  for  claaalcal  wa van  of  long 
duration,  bacausa  tha  tavai  in  tha  bunker 
wars  too  complicated  to  model.  They  applied 
Richmond's  Partial  Inpul* a  Crltarla  to  their 
experimental  data  to  determine  tha  critical 
impulaa  applicable  to  SC  percent  lung  dam¬ 
age,  differing  only  In  their  thraahold 
•••umption  for  riak,  l.e.v  one  fifth  rathor 
than  on*  quarter.  They  concluded  that  tha 
tranamlttal  of  an  Impulaa  of  322  kPa-aaac 
(128  pel-maoc)  at  Ibl  kPa  (14.7  psi)  ambient 
during  a  critical  duration  time  of  2.47  maec 
or  laaa  gives  man  a  SO  percent  chance  of 
aurvlvai . 

Let  me  now  dlscoaa  so—  aspect*  nf  tha 
damage  riak  criteria  which  I  earlier  arbi¬ 
trarily  defined  aa  *  lower  bound  for  Incapa¬ 
citation  criteria.  the  OS  Army  Human 
engineering  laboratory  m*  In  tha  forefront 
of  identifying  tha  need  for  the  davelopme nt 
of  a  hearing  da— ga  riak  crltarla  aa  baalc 
to  tha  entire  Impulaa  nolaa  problem  (9). 
They  pointed  out  three  — ya  to  attenuate 
iepulae  nolaa  for  Army  — apona;  (1)  reduce 
tha  praaaura  at  tta  source,  (2)  separata  tha 
operator  froa  tha  impulaa  nolaa  source  by 
tlther  distance  or  a  barrier,  or  (3)  develop 
ear  protective  davteas.  A  suitable  da— ge- 
rtak  criterion  vaa  therefore  needed  to  meas¬ 
ure  the  affectlvanaaa  of  tha  optlona.  The 
first  — jor  effort  In  establishing  a  suit¬ 
able  daoagc-rlsk  criterion  waa  undertaken  by 
a  working  group  aatabllahad  In  1963  in 
response  to  a  request  by  the  US  Surgeon  Cen¬ 
tral  to  apaclfy  da— ge-riak  criteria  to 
sound.  This  working  group,  rafarrad  to  In 
the  literature  aa  CHA8A-46,  an  acronym  for 
tha  Committee  on  Hearing,  Bioacoustics,  and 
Biomechanics  of  tha  National  Research  Con¬ 
di  ,  tmalyaed  the  than  available  research 
data  and  concluded  that  a  sat  of  rulee  could 
be  preecrlbed  with  respect  to  damcge-rlek 
criteria  and  contours  for  steady  sound,  but 
further  research  data  had  to  be  acquired 


with  respect  la  kfce  (forilgil  fWMdatmlr  <8f 
impulse  —tf*  before  ert aorta  and  eoataturk 
cawld  ba  specified  far  this  haMfd  to  Wear* 
In*  <t0). 

The  probl—  of  establishing  damage  riak 
criteria  for  tmpulaa  nolaa  specifically  —a 
first  addraaaad  in  1967  in  a  joint  effort 
involving  reaaiTchara  from  the  United  King¬ 
dom  and  tha  United  State*  (It).  The  results 
of  thla  study  Included  aatabllah—  nt  of 
definitions  for  tha  principal  parameter*  of 
a  single  Impulaa  nolaa,  defined  aa  fellows 
and  described  In  figure  8. 


Peak  Pressure  Level  -  the  highest  pres¬ 
sure  level  achieved, fxprasaed  In  DB  (refer¬ 
ence  0.0002  dynes/cn  )  or  in  pal  (pressure 
difference  AB  in  figure  8a). 

Bis#  Tima  -  the  time  taken  for  th*  sin¬ 
gle  praasure  fluctuation  that  forma  tha  Ini¬ 
tial  or  principle  positive  peak  to  Increase 
from  ambient  to  the  peak  tlma  level,  usually 
lass  than  Igvaac  (time  difference  SR  In  fig¬ 
ure  8a). 

Praasure  A-duratlon  -  time  required  for 
the  Initial  or  principle  pressure  wave  to 
rise  to  its  positive  paak  and  return  aoaen- 
tarlly  to  ambient  (time  difference  AC  In 
figure  8a). 

Pressure  Envelope  R-duratlcn  -  total 
time  that  the  envelope  of  the  positive  and 
negative  pressure  fluctuation  1*  vitltln  20 
db  of  th*  peak  pressure  level  (time  differ¬ 
ence  At>,  and  3P  when  a  reflection  1*  present 
in  Plgure  8b). 

Based  upon  these  definitions,  the  com¬ 
bined  US -UK  team  developed  enr  damage-risk 
criteria  at  the  75th  percentile  for  pulses 
arrtvlng  at  the  ear  at  grating  Incidence, 
and  for  repetitive  rate*  in  the  order  of  6- 
30  lmpulsas  per  minute  dth  the  total  number 


•f  tapuleoe  Unit *4  to  100  par  exposures. 
These  criteria  «tn  updated  In  IW*  Or  a 
CAAtA  Worklag  Groap  97,  wherein  the  pulses 
win  uataM  to  reach  the  aar  at  unit 
incidence  far  99th  percent  l  i«  protection, 
(12)  The  CAAU-97  etttarla  edjuateO  (or  a 
at 0(1*  Impulse  tra  ahtwi  la  Tltm  ♦,  with 
the  l-doretleo  e»m  plotted  In  Plgmmt  9  aa 
representation  of  the  lower  bound  (or 
Incapacitation  considerations  aa  eluded  to 
aarllar  In  tha  discussion. 


Health  standard*  poaad  to  military  per¬ 
sonnel  In  tha  vicinity  of  weapons  ara  dic¬ 
ta  tad  by  regulations  callod  military  stan¬ 
dards  (MIL  STD's).  A  MIL  STD  la  neither  a 
hearing  damage  risk  criterion  or  a  hearing 
conservation  criterion.  It  te  •  design 
standard,  evolved  from  consideration  of 
hearing  aural  detection,  etste-of-tho-ert 
noise  reduction  and  federal  and  atate  legis¬ 
lation,  and  is  Intended  te  cover  typical 
operational  conditions.  This  standard  is 
applicable  to  tha  design  of  all  new  allltsty 
eyataas,  eub-eyatems,  equipment  ard  facili¬ 
ties  which  limit  acoustic  no lies  to  person¬ 
nel  areas,  the  MIL  STL  shown  in  figure  10, 
which  la  a  derivative  of  eha  daaage-rtak 


«ittwtM  proposed  by  CKA1A-97,  modifies  tha 
basic  iswwlee  damage-risk  cri tartan  far  »~ 
duration  taking  *«o  utant  nriittau  la 
tha  numfear  of  exposures  (1000,  100,  and  9) 
and  the  attenuation  of  impuiaea  by  eat  plugs 
and/or  muffs.  Thaae  ara  tba  raeaous  far  tha 
nulrlpte  ) tales  (x,  y,  and  a)  and  tba  basic 
ratlaaala  far  the  apaeiag.  In  a  meant 
aaalysla  of  this  subject,  Rmdeky  (IS)qoes- 
tloaed  tho  omdlblltty  of  tha  MIL  STD  la 
that  tha  deatgu  constraints  upon  which  tha 
standard*  ara  bcotd  here  not  Lean  supported 
by  adequate  biological  da* a.  Ho  fait  that 
satisfying  tha  MIL  STD  repair*#  a  tradeoff 
In  teat  facets  of  ayataa  performance  bat  eht> 
stringent  requirements  placed  on  today's 
weapon  dowolopmont*  allow  lean  and  lota 
flexibility  to  altar  the  various  paraaatara. 
Tha  s  curve  for  9  exposures  per  day  with  ear 
pluga  or  auffa  ara  plotted  in  figure  5  along 
with  the  1,0,  lethrllty,  the  threshold  lung 
end  the  CRADA-97  B-dwrstlon  curves. 


I  uould  like  now  to  consider  one  more 
damage  mechanise,  t.e.,  that  for  eardrun 
ruptura.  One  ct  tha  aost  proalnent 
raaaarchare  In  this  eras  war  Htrech  who  aur- 
veyad  dots  froa  the  pre-1950  periods  and 
found  that  Zalevski,  Meck’e,  Pasrlman,  Shil¬ 
ling,  and  Corey  had  aade  estimates  of  thres¬ 
hold  oar  dauage  ranging  from  27  kPs  (3.9 
pal)  to  5*  kf*  (7.9  pal)  with  an  average  of 
31  kfa  <5  pal),  (3).  Pureher  examination  of 
accident  date  on  ear  drum  ruptura  collected 
by  other  experlaentnra  prompted  Rlrech  to 
offer  the  cumulative  frequency  distribution 
for  eardnm  damage  plotted  In  Figure  11. 
Also  plotted  lr.  Figure  11  are  shock  tube 
data  collected  on  dogs  by  the  Lovelace 
Institute  (1*).  Interpolation  of  the  d*.t« 
froa  these  two  sources  results  In  an  esti¬ 
mate  of  103  kPs  (15  psi)  for  s  50  percent 
eardrum  rupture,  and  34  kPs  (5  psl)  for 
threshold  eardrum  rupture. 


A  50  percent  eardrum  ruptura  curve  has 
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ItMtNhtri  far  the  aaat  a>tt  Hava 
nqweted  eardrum  f*W*n  to  paek  overpras- 
ewree,  Hat  eat  dwrattsa.  Lovelace,  In  their 
etudy  on  toe  Relationship  between  Fsrdrum 
Failure  and  Rlaat-lndwced  Fraeaure  Varta- 
tlaaa  (IS),  did  comment  on  the  af facta  of 
aaaa  of  tha  components  in  tha  Hiatt  w«t  to 
eatdtw*  rupture  Hat  offared  no  criterion  or 
•othodc  far  relating  pressure  to  dotation. 
Moreover,  tha  result*  of  thalr  goat  and  data 
aapartaaaca  Indicated  chat  while  tha  eardrum 
wi  aora  aaoaltlva  to  fast-rising  than 
slow-ciolng  hlaat  waves,  tha  data  vara 
lnaofftclaot  to  prove  tha  point  or  atata 
what  alght  ho  axpactad  for  hlaat  wavaa  with 
both  faat  and  alow  components  having  dif- 
foront  Magnitude  end  tine  constant*. 

The  SO  percent  eardrwa  rupture  curve 
shown  In  this  figure  wss  generated  by  draw¬ 
ing  a  curve  parallel  to  tho  threshold  lung 
curve  through  tho  103  WPa  (15  pal)  valuo  at 
a  positive  duration  of  2  usee.  Although  the 
2  naac  time  la  aaeumed  to  rsptasent  a  faat 
rleleg  abort  duration  blast  environment , 
such  ua  that  In  the  vicinity  of  gun  or 
hovltaer  crew  atatlone  or  that  near  or 
medium  distance  froo  swell  chenlcel  detona¬ 
tions  or  hoaib  burets.  Its  choice  and  the 
selection  of  the  shape  of  the  curve  were 
both  eubjuctlve  end  eoaewhat  arbitrary  on  wy 
part.  For  that  tatter,  the  curve  could  have 
been  a  straight  line  through  tha  103  kPa  (IS 
pel)  value,  parallel  to  the  abac leas , 
although  It  aeena  evident  that  a  threshold 
curve  for  aardrun  daaage  should  vary  signi¬ 
ficantly  with  ovarpressure ,  at  least  Ini¬ 
tially,  and  Insignificantly  with  duration, 
as  with  both  tha  lathallty  and  threshold 
lung  curves.  Whatever  the  shapn  of  the 
curve.  It  la  ay  judgement  that  s  50  percent 
threshold  eardrum  daaage  curve  represent*  a 
threshold  for  Incapacitation.  T  would  also 
be  real  i  If  I  did  not  alao  point  out  that 
the  aalectlon  of  eardrum  damage  la  not 
unlvaraally  accepted  a*  a  maaaura  of  sever¬ 
ity  of  a  bleat  Injury.  For  example, 
Lovelace  (15),  did  not  consider  failure  of 
tha  aardrun  (or  lack  of  It)  at  a  reliable 
cllnlcrl  algn  for  judging  the  aeverlty  of  a 
blast  Injury  hecauaa  of  the  wide  tolerance 
Unite  of  the  tympanic  membrane.  This 
stemmed  from  their  findings  with  animals 
that  the  drum  often  remains  Intact  when 
exposure  pressures  produce  serious  lung 
injury,  but  nay  alao  rupture  at  preaaurea 
well  below  hatardoua  onta.  Josephson,  tha 
US  Navy's  wound  ballistic  expert,  alao  fait 
that  neither  ear  Injury  not  eye  Injury  alone 


would  nsceaoarilv  IncapMttete  a  military 
pares*,  bet  the  camblnetlea  *f  eye,  emv,  emd 
lung  Injury  would  Imopmeltats  a  combat  «•!■* 
dter  (lb).  Ne  further  mssmi  tha*  I  tie*  pa¬ 
ct  tattom  a tart a  Iwaodlacely  after  eepeowre 
and  lasts  for  tan  Indefinite  period  of 
time,  bn*  that  this  tine  la  long  enough  to 
make  soldiers  Ineffective  os  a  combatant  In 
the  saaeg ament  in  which  the  Injury  wee 
received. 

Lose  of  hearing,  however  la  a  for*  of 
Incapacitation  In  that  It  cen  render  a  sol¬ 
dier  combat  Ineffective  ee  regards  to  his 
capability  to  porform  certain  tasks.  In 
this  context,  T  therefore  offer  the  50  per¬ 
cent  eardrum  damage  curve  as  a  threshold  for 
incapacitation,  recognising  chat  although 
eardrum  rupture  may  be  accompanied  by  pain 
and  lost  of  hearing,  there  (a  little  evi¬ 
dence  in  the  literature  to  aupport  that  this 
form  of  injury  results  In  an  Incapacitated 
casualty.  It  should  ha  noted  that  the 
threshold  eardrum  damage  curve  la  apptlcabla 
to  unprotected  ears.  Higher  limits  would 
apply  tn  Infantry  aoldlert  wearing  helmets 
or  crew  personnel  using  headgear  equipped 
with  earphones  or  other  communication  dev- 
tees. 

I  also  suggest  that  the  LCj  lethality 
curve  la  tn  ltaelf  too  aevera  a1  measure  of 
Incapacitation  for  military  personnel  and 
feel  that  Its  application  to  vulnerability 
studies  of  the  individual  Infantry  soldier, 
and  crew  personnel  tn  various  air  and  ground 
vehicles,  underestimates  casualty  production 
as  well  as  tha  effactiveneas  of  the  blast 
producing  weapon*  being  evaluated.  I 
further  recommend  that  the  threshold  lung 
damage  curve  he  substituted  as  t  more  con¬ 
servative  neasvra  and  that  It  be  used  as  an 
upper  bound  for  Incapacitation,  that  la, 
that  It  be  considered  to  represent  the  99 
percent  incapacitation  level.  My  recommen¬ 
dation  of  the  more  conservative  threshold 
lung  injury  as  a  measure  of  maximum  Incapa¬ 
citation  la  again  subjective.  There  is, 
unfortunately,  nothing  in  the  literature  to 
either  support  or  contradict  this  assumption 
because  previous  researcher*  did  not  evalu¬ 
ate  the  degradation  In  performance  of  either 
civilians  or  soldiers  performing  tasks, 
given  s  blest  Induced  Injury,  t.e.,  Incapa¬ 
citation  has  to  date  not  been  quantified. 
Several  wound  halllstlciane  with  whom  T've 
discussed  the  preceding  have  indicated  that 
the  threshold  lung  curve  might  be  too  con¬ 
servative  a  measure  of  complete  incapacita¬ 
tion.  If  tn  the  future  a  more  etrlnpent 
measure  of  total  incapacitation  were  found 
to  prevail,  T  would  then  suggest  that  the 
Lr.  lethality  curve  be  used  to  represent  a 
threshold  for  complate  Incapacitation  and 
that  tha  threshold  lung  damage  curve  be  used 
to  indicate  a  5 h*  tncapar itetion  threshold. 


These,  combined  with  th*  aoro  incapacitation 
associated  with  thf  threshold  eardrum  dam «m 
curve,  worn  Id  affar  tha  vulnerability  iMlyit 
a  discreet  amrlul  nNm  far  ttapatiia 
the  wilBirtkUliy  of  personnel  target*  to 
th#  bleat  throat*. 


Finally,  Figaro  12  presents  tha  ID. 
latHallty  curve,  th*  *5  percanc  eardrum  pro* 
tecrlve  cur**,  and  th*  newly  defined  thraa- 
hold  and  99  Incapacitation  car***  ovarlaid 
with  thro*  acta  of  Plant  aaaauraa  frow  thro* 
dlffarant  bloat  aaurcaa.  Tha  objection  of 
thla  vary  buay  graph  la  t«  give  parapoettvo 


to  ny  rocoaaandad  change*  and  to  con para 
tncapar.ltatton  aatlaatoa  using  the  old  and 
now  bla*t  criteria.  Shown  are  blaat  moaa- 
urament*  taken  In  th*  vicinity  of  a  103mm 
Howl  tier  (17),  a  grid  dieplaying  blaat  prea- 
auraa  for  a  rang*  of  bomb  site*  (IF),  and 
blaat  measures  taken  lnstd*  an  armored  per¬ 
sonnel  carrier  for  a  eerie*  of  abapad  charge 
high  explosive  antitank  (HEAT)  round*  with 
cone  dleaetera  ranging  froei  8*  to  250m,  all 
of  which  have  perforated  th*  hull  (19).  The 
two  data  polnta  for  20  and  SOg  TVT  charge*. 
Identified  with  circle  eye  bo 1 e ,  were  alao 
measured  within  the  A  PC  and  are  need  a* 
reference  measures  for  comparing  the  HEAT 
data.  Using  th*  ID.  criteria  for  lethality, 
incapacitation  would1  havo  been  assigned  only 
to  thoaa  personnel  ranging  froa  within  6.0a 
of  th*  blast  source  for  a  113  kg  bomb  to 
within  18.0a  for  a  907  kg  boob.  Ualng  th# 
99  percent  Incapacitation  criteria  tha 
incapacitation  sono  ia  Increased  to  about 
11.0a  for  a  113  kg  boob  and  about  29, On  for 
o  907  kg  boob.  for  threshold  Incapacita¬ 
tion,  all  personnel  within  66. On  of  a  907  kg 
bomb  ora  Judged  to  bo  incapacitated  to  soete 
degree  and  those  within  about  cn  18.0a 
radiua  of  th*  113  kg  detonotton  are  lncapa- 
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cltatod.  *y  th#  aaao  analogy,  at  paroaauMl 
tn  tha  AFC  war*  eaneldarad  Insapaotiatmd 
basted  upon  tha  ID,  lathality  ooesura.  flaw 
evar,  by  implamamflag  th*  99  percent  incape- 
citation  curve ,  paroaaaol  la  th*  AFC 
pe metro tod  by  tha  larger  diameter  WAT 
round#  would  be  caaaldarad  coaplataly  1  oof- 
fee  tlvo  or  totally  incapacitated  by  blaat, 
and  th*  medium  to  larger  HEAT  round*  would 
Incapacitate  other  personnel  to  earn#  laeear 
but  a*  yat  undefined  level.  The  smaller 
HEAT  round*  would  eauao  no  incapacitation  of 
the  AFC  craw/peaeengar* ,  but  oor  plugo/nuff* 
Mold  bo  rooulrod  In  accordance  with  the 
Amy'*  NIL  STD.  Crew  personnel  serving  th* 
103am  Howl tsar  would  not  bo  tncopoeltatod 
under  any  of  the  criteria,  accept  that  oar 
protaetton  would  b#  rooulrod  within  3. Da  of 

th*  MS*lC. 

Th*  major  conclusion  from  this  somewhat 
simplistic  analogy  suggests,  at  loast  co  mo, 
that  equating  casualty  production  or  onset 
of  Incapacitation  to  the  LP.  lethality  curve 
1*  not  realistic.  1  have1  offered  a  more 
conservative  measure  for  defining  complete 
Incapacitation,  which  In  the  context  of  the 
blaat  wmapon  affect*  data  shown  on  the 
graph,  does  seen  more  reasonable.  Obvi¬ 
ously,  tha  affacte  of  replacing  th*  present 
criteria  has  to  be  compared  and  quantified 
in  tom*  of  changes  in  vulnerability  calcu¬ 
lation*  for  Infantry  and  craw  personnel  sub¬ 
jected  to  blaat-induced  weapon  threats.  It 
la  also  apparent  that  additional  biological 
data  and/or  further  extension  and  modeling 
of  the  existing  data  base*  are  necessary. 
The  fomer  will  bo  accomplished  as  an  exten¬ 
sion  of  th*  work  described  within  this 
paper.  The  latter  I  leave  to  those  expert*, 
scientists,  and  researchers  whose  excellent 
experiments  and  research  made  this  paper 
poselbl*  and  upon  whom  we,  the  vulnerability 
coomnmity,  muat  rely  for  a  more  fundamental 
assessment  of  the  effects  of  blast  on  our 
military  force*  in  th*  modern  battlefield. 
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.  Constant  lethality  curves  predicted  for  anlmols  In  the  weight 
range  of  man  from  extrapolating  Interspecles-response  data  . 


direction  of  propagation  of  the  shocked  blast  wave 


Lethality  and  damage/  injury  curves  predicted  for  a  70- hg  man 
applicable  to  the  free  stream  situation  . 


lethality  for  dogs  and  goafs  ; 
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Figured.  Tolerance  of  eardrums  to  *  fast  "-rising  overpressures  . 
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COMBINED  EFFECTS  OF  BUST  AND  FIRE  ON  PERSONNEL  SURVIVABILITY 
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NJNTROOUCTION 

^llhls  paper  deals  with  the  analysis  of  hazard*  to  sheltered  personnel  In  a 
blast-fire  environment  produced  by  the  detonation  of  •  1-NT  nuclear  weapon  near 
the  ground  surface.  Material  for  the  paper  was  derived  fro*  a  study  by  IIT 
Research  institute  for  the  Federal  Emergency  Management  Agency  (Reference  1). 

A  portion  of  a  city  consisting  of  Identical,  single-family  framed  residences 
and  three  types  of  below-grada  personnel  shelters  located  In  selected  trees  was 
formulated  and  subjected  to  a  simulated,  single  weapon  nuclear  attack.  Zones 
of  structural  blast  damage  were  Identified  and  debris  distributions  In  selected 
areas  were  determined.  Debris  piles  were  described  In  spatial  coordinates  and 
composition  (combustible,  non-combustible)  at  various  locations  within  the  city. 
Time  dependent  fire  effects  were  determined  using  existing  fire  Ignition  and 
fire  spread  computer  programs.  Hazards  were  quantified  and  the  probability  of 
people  survival  was  estimated  In  terms  of  shelter  effectiveness  when  located  In 
different  zones  of  blast  damage. 

.The  three  personnel  shelters  Included  (1)  a  conventional  framed  basement, 

(2)  a  conventional  basement  having  a  reinforced  concrete  slab  Instead  of  a  wood 
floor  overhead ^and  (3)  an  expedient,  pole  type  below-grade  shelter.-*' 

If  sufficient  lead  time  Is  available,  each  of  the  basements  In'  tnKflrst 
two  categories  may  be  expediently  upgraded  to  provide  additional  protection, 
against  the  effects  of  blast  and  fires.  Expedient  upgrading  of  shelter  spaw 
includes  all  of  the  following  measures  that  can  be  applied  In  available  time 
using  readily  available  materials  and  equipment, 
e  Prevention  of  air  blast  entry 
•  Reduction  of  air  blast  loads  on  exterior  surfaces 


*  Department  of  Civil  Engineering,  Illinois  Institute  of  Technology,  Chicago, 
IL  60616  (Formerly  Department  of  Civil  Engineering,  Valparaiso  University, 
Valparaiso,  IN  46383) 

*  Fire  and  Explosion  Research,  IIT  Research  Institute,  Chicago,  IL  60616 
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•  Structural  strengthening  against  air  blast 
9  Provision  of  radiation  pro taction 
a  Fins  provantlon 

9  Provision  of  firefighting  equipment 
Expedient  upgrading  Measures  are  considered. 

Although  tho  emphasis  Is  on  hazards  preduood  by  i  nuclear  weapon  detonation, 
tha  results  can  also  ba  viewed  In  tha  context  of  a  larga.  conventional  accidental 
explosion. 

DESCRIPTION  OF  SHELTERS 

Basauont  Shelters  -  Both  basements  are  of  a  type  that  my  ba  found  In  two-story 
f rimed,  single- family  residence  except  that  one  has  an  overhead  wood  Joist  floor, 
and  the  other  a  light  reinforced  concrete  slab. 

The  building  type  studied  can  be  considered  to  Include  all  single- family, 
two  story  residences  constructed  with  wood  stud  walls,  wood  joist  floors  and 
ceilings,  and  wood  rafters  or  wood  truss  framing.  The  f rearing  system  nay  be 
'balloon",  "platform"  or  any  variation.  Structure,  space  and  wall  openings  are 
considered  to  be  In  general  accord  with  municipal  codas.  Sizes  range  from  1000 
to  2000  square  feet  for  two  to  five  bedrooms.  Exterior  wall  coverings  Include 
wood,  composition,  stucco  or  metal  siding  over  Insulation  board.  Interior  walls 
are  primarily  wood  stud  with  gypsum  board  or  plaster  covering.  Roofs  Include 
different  shapes  and  slopes  with  wood  or  composition  shingles  and  flat  roofs  of 
asphalt  and  felt  built-up  construction  with  gravel  topping.  Where  they  exist, 
basements  are  with  the  first  floor  at  grade  or  several  (1-  to  3-ft)  above  grade. 
The  floor  over  the  basement  generally  consists  of  wood  joists  with  flooring, 
however  In  special  cases  a  light  reinforced  concrete  slab  Is  used.  Basement 
foundation  walls  are  of  concrete  block  or  plain  concrete  supported  on  wall  foot¬ 
ings.  The  basement  floor  is  a  concrete  slab.  There  are  windows  leading  Into 
the  basement. 

A  structural  analysis  suggests  the  following  damage/distance  characteriza¬ 
tion  for  the  building. 
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TABLE  I  DANA&E/ DISTANCE  CMNACTERI2ATI0N  FOR  A  TW-STORV  FRAMED  HOUSE 


Oaamga 

Pree-Fletd 
Overpressure,  psl 

Wstince  From  Ground 
Zero,  miles 

Severe  (Buildings 
destroyed) 

3.5 

9  to  3.6 

Ho  derate  (buildings 
standing  with  aider 
wall/roof  damage) 

2.0  to  3.5 

3.6  to  5.3 

Light  (broken  windows 
or  none) 

2.0 

5.3 

Expedient  Pole  Shelters  -  This  type  of  shelter  Is  constructed  In  an  open  trench 
using  poles  (logs)  cut  from  local  trees.  Construction  is  reminiscent  of  a  log 
cabin.  This  results  In  a  long  rectangular  shelter  having  a  roof,  emails  and  floor 
consisting  of  poles  covered  with  waterproofing  and  backfilled  with  soil.  Complete 
plans  for  such  shelters  have  been  developed  at  ORNL  (Oak  Ridge  National  Laboratory) 
Including  blast  doors  and  expedient  ventilation  systems  (Ref.  2,  3).  A  number 
have  been  tested  In  the  field  (Ref.  3). 

Strengths  of  the  two  basement  shelters  both  as  built  and  expediently  upgraded 
are  as  indicated  In  Table  2.  The  estimated  strength  of  the  "small"  pole  shelter 
also  is  given. 

TABLE  2  FREE  FIELD  OVERPRESSURES  FOR  INDICATED  FAILURE  PROBABILITIES 


Shelter  Free  Field  Overpressure,  psl 


Wood  Floor  Over  Basement: 


|  As  Built 

2.0 

2.8 

4.0 

Expediently  Upgraded 

3.3 

5.1 

8.3 

\  Reinforced  Concrete  Floor  Over  Basement: 

As  Built 

3.0 

3.9 

5.0 

[  Expediently  Upgraded 

6.0 

7.8 

10.0 

f  Expedient  Pole  Shelter 

30.0 

40.0 

50.0 

Failure  Probability,  Percent 

10 

50 

90 
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FAILURE  DFFINITICN 

Failure,  u  used  In  Table  2,  refers  to  Incipient  structural  failure.  This 
Mans  that  tha  structure  or  element  has  been  loaded  to  the  point  where  It  will 
collapse  without  further  addition  of  load.  This  also  labile*  that  the  struc¬ 
ture  that  has  failed  Is  damped  to  the  point  where  repair  Is  either  Impossible 
or  grossly  uneconomical. 

Since  there  Is  no  single  air  blast  parameter  that  will  serve  as  a  unique 
measure  of  structural  failure,  this  paper  uses  the  free  field  overpressure  as 
the  Index  measure.  The  index  free  field  overpressure  Is  that  value  which  would 
exist  (In  the  free  field)  at  the  location  of  the  structure. 

WEAPON  EFFECTS 

Weapon  effects  considered  Include  the  prompt  effects  of  thermal  radiation 
and  blast  produced  by  a  1MT  nuclear  weapon  detonated  near  the  ground  surface. 
Prompt  nuclear  radiation  Is  neglected  and.  therefore,  these  results  are  valid 
for  shelters  having  adequate  (1-  to  2-ft  of  soil)  radiation  shielding  over  Its 
periphery.  Thermal  radiation  Is  not  an  important  casualty  mechanism  for  people 
In  basements,  but  is  Important  as  the  mechanism  for  primary  Ignitions.  The 
effects  of  blast  that  are  considered  Include  loading  of  shelters,  debris  forma¬ 
tion  and  translation,  and  the  suppression  of  some  of  the  Initial  Ignitions  pro¬ 
duced  by  thermal  radiation.  Corresponding  casualty  mechanisms  Include  primary 
blast.  Impact  and  crushing  of  people  by  debris  from  failed  portions  of  structures, 
and  the  effects  of  fires. 

FIRE  EFFECTS 

Examination  of  fire  effects  on  personnel  shelters  requires  that  each  building 
or  local  area  to  be  studied  must  be  considered  as  part  of  a  larger,  or  total, 
city  area  In  order  to  assess  fire  spread  to  the  local  area  from  Its  surroundings. 

A  hypothetical  city  was  formulated  and  was  considered  to  extend  In  all  directions 
from  ground  zero  beyond  any  fire  or  blast  affacted  areas.  It  had  the  following 
characteristics. 

1.  All  buildings  are  two-story  framed  residential  houses 

2.  Overall  city  building  density  is  15  percent 

3.  Local  area  (tract)  building  density  is  either  5  or  15  percent 
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4.  All  tracts  art  1/2-  by  1/2-arila. 

5.  Building  separation  (distribution)  within  tracts  Is  a  function 
of  building  density  and  building  plan  areas  (bated  oh  a  survey 
of  nssldantial  areas  of  Detroit.  Michigan  (Ref.  4), 

6.  Building  separation  across  tract  boundaries  Is  configured  to 
ba  100-ft  for  90  percent  of  tract  perlmter  and  infinite,  l.c. 
no  fire  brand  crossing  for  the  remaining  tan  percent. 

7.  Trees  and  bushes  are  bare  (the  season  Is  lata  fall,  winter  or 
early  spring) 

The  city  was  subjected  to  a  simulated  nuclear  weapon  attack  consisting  of 
a  single  1-MT  weapon  detonated  near  the  ground  surface.  The  post-blast  state 
of  the  city  was  determined  by  performing  a  structural  analysis  on  the  character¬ 
istic  building  followed  by  a  debris  transport  analysis.  The  structural  analysis 
resulted  In  1)  zones  of  blast  damage  Identified  as  severe,  moderate  and  light 
(see  Fig.  1),  and  2)  the  number  of  debris  pieces  produced  by  the  building,  their 
size  and  weight.  The  debris  Included  building  fragments  and  furnishings.  The 
time-dependent  debris  trajectory  analysis  produced  a  spaclal  distribution  of  de¬ 
bris  which  was  described  In  terms  of  debris  weight,  depth  and  composition  (com¬ 
bustible.  noncombustible)  as  a  function  of  ground  location.  Time  dependent  fire 
effects  were  then  determined  for  the  simulated  city. 

The  initial  ignition  pattern  was  determined  using  an  analysis  which  con¬ 
sidered  the  modification  of  primary  sustained  Ignitions  by  the  blast  wave  and 
Included  predictions  of  secondary  fires.  Fire  spread  throughout  the  city  was 
assessed  for  a  15  percent  building  density  assuming  no  concerted  firefighting 
efforts.  Fire  spread  was  due  to  radiation,  convection  and  fire  brands.  Indi¬ 
vidual  tracts  (local  areas)  were  subsequently  re-evaluated  to  establish  the  im¬ 
pact  of  fire  prevention  and  firefighting  efforts  on  local  fire  progress  and 
severity.  Each  tract  was  considered  to  be  wholly  of  a  single  level  of  blast 
damage  and  was  assigned  the  damage  level  representing  the  majority  of  its  area. 
The  tracts  considered  for  re-evaluation  were  located  as  shown  In  Fig.  1.  Twelve 
combinations  (cases)  of  fire  prevention  and  firefighting  activities  were  con¬ 
sidered  for  each  of  these  tracts  as  Identified  In  Table  3,  and  are  defined  as 
follows: 

A  *  percent  of  primary  Ignitions  prevented  (preattack  measures) 

B  -  minimum  number  of  fires  extinguished  per  15  minute  period 

C  *  percent  of  active  fires  extinguished  per  15  minute  period 

D  *  maximum  number  of  fires  extinguished  per  15  minute  period 
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Ignitions,  Severe  Blast  Damage 


Ignitions ,  Negligible  Blast  Damage 


grit  ions ,  Moderate  Blast  Damage 


Tracts  Selected  For  Local  Study 


Figure  1  Hortheast  Section  of  Target  Area 

Tract  Designation,  Blast  Damage,  and 
Tracts  Selected  For  Further  Study  On  A  Local  Basis 
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In  "A"  we  am  dealing  with  preatteck  countermeasures  capable  of  preventing  a 
percentage  of  primary  Ignitions.  "C"  Is  the  percent  of  active  fires  In  the 
tract  extinguished  In  each  15  minute  period  with  a  lower  bound  of  NBH  fires  and 
an  upper  bound  of  "D“  fires. 

Case  1  Is  provided  to  show  fire  spread  when  no  fire  prevention  or  fire¬ 
fighting  occurs.  It  serves  as  the  "worst  case"  for  comparison.  Cases  11  and 
12  Indicate  high  efficiencies  of  fire  prevention  but  no  firefighting.  Cases  2 
to  7  have  no  fire  prevention  efforts,  but  a  variety  of  firefighting  efforts. 

Each  represents  a  differing  number  of  firefighting  teams*  per  tract  (it  may 
require  more  teams  to  do  the  same  job  In  the  blast  damaged  area).  Setting  a 
mi n 1 mum  firefighting  effort  for  cases  5  and  6  was  done  to  examine  the  Importance, 
If  any,  of  continued  firefighting  efforts  In  periods  of  few  fires.  Case  7  sets 
firefighting  at  a  constant  value  of  five  fires  per  15  minute  period. 

Cases  8  to  10  Include  both  fire  prevention  and  firefighting  efforts.  Cases 
9  and  10  Indicate  the  effect  of  changing  level  of  firefighting  under  50  percent 
Ignition  prevention  (and  can  be  contrasted  to  cases  5  and  6).  Cases  8  and  10 
can  be  combined  with  case  5  to  indicate  the  effects  of  varying  fire  prevention 
levels  supported  by  moderate  firefighting  activities. 

SELECTED  RESULTS  C f  EIRE  DEVELOPMENT 

Examples  of  fire  development  calculations  are  presented  for  tract  (5,  14), 
see  Figure  1.  This  tract  lies  v.'holly  within  the  area  of  negligible  blast  damage 
and  receives  few  weapon  Ignitions.  It  Is  examined  for  building  densities  of  5 
and  15  percent,  and  for  all  twelve  fire  prevention/firefighting  situations. 

Results  are  presented  in  Figures  2,  3,  4  and  E„  As  shown  in  Figure  2 
(curve  1),  the  tract  with  15  percent  building  density,  even  with  limited  Igni¬ 
tions,  gradually  develops  In  fire  intensity  until,  at  9.56  hours  after  detona¬ 
tion,  almost  20  percent  of  the  total  tract  buildings  (230  out  of  1193  buildings) 
tre  simultaneously  burning,  and  the  majority  of  the  tract  has  been  consumed.  In 
the  same  tract  at  5  percent  building  density  (Figure  4,  curve  1),  nominally  a 


*  An  Indication  of  firefighting  team's  performance  is  provided  In  Reference  5 
which  describes  firefighting  requirements  to  suppress  all  Incipient  tires 
prior  to  major  building  involvement. 
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<  1193  BLOGS  /  TRACT  ) 


Figure  2  active  fires  in  tract  5,14  (no  blast  damage) 
(building  density  =  ,15 
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ACTIVE  FIRES  IN  TRACT  5,14  (NO  BLAST  DAMAGE) 
(BUILDING  DENSITY  =  .15 


C  398  BLOCS  /  TRACT  > 


TIME  C  HRS  3 

Figure  4  active  fires  in  tract  5,14  (no  blast  damage): 

BUILDING  DENSITY  =  ,05 


■ore  promising  site  for  survival,  fire  frequency  Is  still  rising  it  10  hours 
with  about  10  percent  of  the  total  tract  buildings  burning  simultaneously.  While 
this  represents  (10/20)  (5/1S)  ■  1/6  the  number  of  fires  per  block  as  coopered 
to  the  higher  density  tract,  It  still  represents  an  unsatlsfactoty  situation; 
and,  the  continuing  rise  at  10  hours  Indicates  that,  again.  Most  if  not  all  of 
the  tract  will  eventually  bum  If  no  firefighting  action  Is  taken.  As  shown  by 
curves  11  and  12  of  Figures  2  and  4,  fire  prevention  efforts  alone  only  delay 
the  consequences  of  fire  for  about  1  hour  (compare  curves  11  and  12  with  1  In 
Figures  2  and  4). 

For  the  tract  of  15  percent  building  density,  a  minimum  firefighting  effort 
of  5  suppressions  every  15  minutes  Is  required  to  affect  permanent  control 
(Figure  3,  curves  6,7,9);  although  moderate  firefighting  (10X)  with  a  minimum 
suppression  of  one  fire  every  15  minutes  delays  the  initiation  of  rapid  fire 
development  for  about  5  hours  (Figure  3,  curves  5,  8,  end  10),  growing  to  2 
percent  of  buildings  active  burning  at  10  hours;  and  still  growing.  For  the 
low  building  density  tract,  a  moderate  flreflght  effort  (10X)  offers  control 
(see  Figure  5)  as  long  as  a  minimum  of  one  fire  per  15  minute  period  Is  sup¬ 
pressed  (compare  Figure  5,  curve  5  with  Figure  4,  curve  4). 

PROBABILITY  OF  SURVIVAL 

Basic  Considerations  -  The  probability  of  people  survival,  P(S)  In  a  shelter 
can  be  expressed  as  follows  (Ref.  6). 

P(S)  •  P(5sc)P(Snr)P(Sfe)P(Sfr)  <„ 

where  P($  )  ■  probability  of  surviving  structural  (shelter) 
sc  collapse,  l.e.,  debris  effects 

P(Snr)  -  probability  of  surviving  prompt  nuclear  radiation 
P(Sfe)  ■  probability  of  surviving  fire  effects 
P($fr.)  *  probability  of  surviving  fallout  radiation 

P(Ssc)  can  be  expressed  as  follows: 

pfsimn  ♦  p(sj  f)p(f)  (2) 

whe-e  P(SJF)  *  probability  of  people  survival  given  that  the 
shelter  does  not  fall 

P (F)  ■  probability  of  shelter  structure  survival 
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P($|F)  »  probability  of  Pteflt  survival  crtvmn  that  tha 
shelter  foil*  (eoliapsos) 

Off)  «  probability  of  ahaltor  collapse  «  1  -  0(F) 

At  Indicated  previously,  ten  basement  shelters  considered  can  be  expediently 
upgraded  to  Inc  mat  a  tea  overpressure  at  which  collapse  occurs  to  at  least  the 
values  given  In  Table  2.  Thus,  fifty  percent  of  framed  basement  shelters  muld 
survive,  P(F)  -  0.5,  to  at  least  the  range  of  5.1  psl,  ba sonants  with  reinforced 
concrete  roof  slabs  to  at  laast  the  7.8  psl  ranget  and  expedient  pole  thelters 
to  at  least  tha  40  psl  range.  These  values  extend  well  Into  tha  region  of  Major 
blast  damage  as  deflntd  In  Figure  1.  For  these  types  of  shelters  no  casualties 
are  expected  due  to  debris  effects  prior  to  shelter  collapse  and,  therefore, 
P(SIF)  can  be  set  equal  to  1.0,  and  from  (2),  P(Ssc)  «  1.0.  Assuming  that  a 
sufficient  depth  of  soil  cover  has  been  provided  In  each  case,  then  P(S^r)  *  1.0. 
Fallout  radiation  should  net  be  a  serious  problem  for  people  In  shelters  which 
have  adequately  survived  blast  effects,  providing  that  fires  can  be  prevented  or 
mitigated. 

The  Effects  of  Fires  on  People  Survival  -  Shelters  In  Local  Areas  of  Light 
and  Moderate  Damage  -  The  results  of  analysis  conducted  In  the  course  of  this 
study  (Ref.  1)  indicate  that  no  major  differences  in  fire  effects  are  expected 
between  those  shelters  In  regions  of  moderate  damage  and  regions  of  light  damage 
because  most  of  the  fuel  remains  on  the  site,  and  not  much  fuel  Is  transported 
In  from  the  region  of  severe  blast  damage.  These  two  regions  are  thus  treated 
together. 

In  both  regions,  fire  prevention/suppression  efforts  are  necessary  to  pre¬ 
vent  a  general  burnout  of  the  local  areas  at  both  the  5  percent  and  15  percent 
building  densities.  Without  such  a  combined  effort,  buildings  over  and  around 
the  shelter  areas  are  expected  to  bum. 

The  basement  with  the  wood  joist  overhead  floor  will  fill  with  smoke  and 
toxic  gases  once  the  residence  Is  Ignited.  This  Is  due  to  the  fact  that  the 
first  story  walls  being  hollow  will  conduct  the  gases  between  the  studs,  past 
the  joists,  and  into  the  basement.  This  has  been  demonstrated  by  experiment. 

In  the  lower  (5  percent)  building  density  region,  firefighter  efforts  might 
be  successful  in  protecting  the  structure  over  the  basement  from  burning.  In 
more  densely  built-up  areas  this  would  be  much  more  difficult  to  achieve  unless 
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ftte  building  housing  th»  shelter  wm  located  In  a  locally  low  tensity  region 
uniquely  separated  from  surrounding  structures. 

The  probability  of  people  survival  In  basemnts  with  wood  Joist  overhead 
floors  would  he  directly  related  to  the  probability  that  the  bull ding  above  the 
baseeeat  does  not  bum.  Without  fire  preventlen/suppresslon  efforts  the  proba¬ 
bility  of  survival  (PfS^),  would  be  very  low  In  which  case  the  shelter  would 
need  to  bs  evacuated. 

Burnout  of  a  standing  building  over  a  basement  with  e  reinforced  concrete 
overhead  slab  has  been  shown  to  offer  minimal  effects  on  the  heat  envlronamnt 
In  tha  basement  below  (ftef.  7)t  and,  a  number  of  simple  countermeasures  have 
been  demonstrated  to  further  minimise  shelter  heating  (Ref.  7,  8).  Fresh 
ventilation  air  Is  expected  to  be  readily  available  (Ref.  7,8,9,10).  Thus, 
this  type  of  shelter  can  be  protected  against  fire  effects  with  limited  fire 
preventlon/suppresslon  efforts,  such  as  removal  of  burning  or  smoldering  debris 
from  basement  entranceways  and  fresh  air  Intakes,.  Tha  probability  of  people 
survival  In  such  a  basement  Is,  therefore,  high  In  regions  of  light  to  moderate 
damage,  and  Is  only  weakly  dependent  on  the  probability  .hat  the  building  above 
the  shelter  does  not  bum. 

Since  residential  structures  ore  expected  to  remain  essentially  on  site  In 
these  regions  of  blast  damage,  shelter  occupants  In  expedient,  pole  type  shelters 
should  find  no  need  for  any  specific  remedial  action  against  fire  effects.  The 
probability  of  people  surviving  fire  effects  In  such  shelters  Is,  therefore, 
very  close  to  1.0. 

The  Effects  of  Fires  on  People*  Survival  -  Shelters  Tn  Local  Areas  of 
Severe  Damage  -  As  shown  In  Figure  1,  severe  damage  Is  considered  to  occur  at 
free- field  overpressure  ranges  greater  than  about  3.5  psl.  In  this  region  damaged 
shelters  and  Ignited  dsbris  piles  combine  to  produce  a  highly  hazardous  environ¬ 
ment.  The  debris  piles  estimated  for  this  region  are  certainly  not  continuous  nor 
uniformly  distributed.  However,  the  probability  Is  high  that  the  maximum  fuel 
loading  over  the  shelter  may  be  up  to  25  lbs  per  sq  ft  for  5  percent  building 
density  and  up  to  75  lbs  per  sq  ft  for  the  15  percent  building  density.  These 
are  extremely  high  combustible  loads.  It  Is  very  doubtful  that  shelter  occupants 
In  basement  shelters  with  wood  floor  overhead  systems  can  remain  within  for  any 
extended  time  period  In  Ignited  portions  of  this  region. 
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baaed  mi  results  of  previous  studios  dealing  Hth  debris  firm  (Rtf.  9,  10). 
habitability  In  reinforced  concrete  bemmant  shot  tors  undtr  Ignited  dobrls  pllts 
having  high  fuol  loods  Is  possible  only  whan  the  shelter  envelope  Is  undamaged 
and  effective  r—odlol  sctlon  Is  token.  This  mold  include  removal  of  burning 
debris  fro*  tin  shatter  roof**  ventlletlen  openings  and  entrancewayt  and  putting 
out  firm.  In  taka  asa  of  a  blast  damage*  shatter*  people  probably  Mould  mad 
to  ba  evacuated. 

The  expedient,  single  purpose  pole  shelter,  assuaad  to  be  earth  covered  and 
under  1ms  dabrts,  should  suffer  only  minor  shelter  heetlng  problem.  However, 
there  mey  be  •  period  during  which  air  quality  Is  a  problaa.  This  my  ba  Miti¬ 
gated  by  means  of  praattack  and/or  post-attack  countermeasures.  The  probability 
of  people  survival  In  this  shatter  In  regions  of  major  blast  damage  should  re¬ 
main  high. 

Assuming  that  the  two  basement  shelters  are  expediently  upgraded,  are 
undamaged  when  subjected  to  the  blast  toad,  and  remedial  action  Is  taken  by 
the  shelter  occupants,  then  the  probability  of  people  survival  Is  estimated 
as  shown  In  Table  4. 


TABLE  4  PROBABILITY  OF  PEOPLE  SURVIVAL,  P(S) 


Shelter  Type  Region  of  Light  to 

Moderate  Damage 


Region  of  Severe 
Damage 


1. 

Upgraded  Wood  Framed,  'v  0.5 

<  0.5 

Basement  Shelter 

2. 

Upgraded  Reinforced  Concrete.-v  0.9 

>  0.5 

Basement  Shelter 

«  1.0 

3. 

Expedient,  Pole  Shelter  1.0 

<  1.0 

CONCLUSIONS 

The  study  described  has  taken  a  first  comprehensive  look  at  the  problem  of 
evaluating  the  hazards  and  the  probability  of  people  survival  In  a  blast-fire 
environment  produced  by  the  detonation  of  a  1-MT  nuclear  weapon. 

*  A  water  layer  on  the  roof  Is  the  viable  alternative  (Ref.  7) 
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A  computer  algorithm  for  determining  the  makeup  of  dabrls  piles  produced  by 
the  breakup  of  buildings  whan  subjected  to  a  blast  load  from  a  nuclear  weapon  was 
formulated,  programed  and  used  In  the  study  described. 

Fire  Ignition  and  fire  spread  was  predicted  using  existing  computer  programs 
(References  4.  12-15)  which  were  modified  to  be  able  to  predict  Ignition  and 
spread  of  fires  In  regions  where  buildings  are  damaged  by  the  blast. 

The  three  personnel  shelters  studied  Include  (1)  a  conventional  wood  framed 
basement,  (2)  a  conventional  residential  basement  with  a  reinforced  concrete 
overhead  slab,  and  (3)  an  expedient  wood  pole-type*  below  grade  shelter. 

The  first  category  shelter  was  found  to  be  only  marginally  effective  even 
In  the  zone  of  light  blast  damage.  Probability  of  people  survival  In  such  a 
shelter  Is  strongly  dependent  on  the  probability  of  Ignition  and  the  correspond¬ 
ing  fire  suppression  measures.  This  type  of  shelter  Is  not  recommended  In  fire- 
prone  areas  without  substantial  countermeasures.  Category  2  shelter  1$  quite 
effective  In  zones  of  light  damage  requiring  few  countermeasures.  In  areas  of 
severe  blast  damage,  and  due  to  large  quantities  of  burning  debris,  the  effec¬ 
tiveness  of  this  shelter  Is  diminished.  Significant  countermeasures  are  required 
to  maintain  Its  effectiveness.  The  expedient,  pole-type  shelter  proves  to  be  the 
most  effective  of  the  three.  This  Is  due  to  the  fact  that  this  shelter  can  be 
sited  In  open  areas  away  from  major  debris  sources,  thus  minimizing  the  problem 
of  burning  debris  In  its  Immediate  vicinity. 
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\  ABSTRACT 

^Damage-risk  criteria  for  man  subjected  to  one  or  twenty  short-duration 
blast  waves  were  presented  In  terms  of  peak  overpressure,  duration,  overpressure 
Impulse,  range,  and  yield.  Threshold  and  severe  Injuries  to  the  lungs,  gastro-  , 
Intestinal  tract,  and  larynx  were  considered.  Predictions  of  a  1-percent  prob¬ 
ability  of  mortality  and  selected  Injury  levels  were  also  given  for  repeated 
blasts  of  long  duration.  The  results  suggested  that  repeated  blasts  of  sub¬ 
threshold  levels  for  a  single  Exposure  do  not  cause  gross  non-audltory  injuries. 
For  repeated  blasts  above  threshold  levels,  the  severity  of  blast  injuries 
tended  to  Increase  with  the  number  of  blasts.-^ 

This  research  was  supported  by  the  Army  Mqd leal  Research  and  Develop¬ 
ment  Command,  Walter  Reed  Army  Institute  of  Researcfv^a  Interagency  Agreement 
No.  0026,  under  U.  S.  Department  of  Energy  Contract  No.  DE-AC04-76EV01013,  and 
conducted  In  facilities  fully  accredited  by  the  American  Association  for  Accredi¬ 
tation  of  Laboratory  Animal  Care. 

This  research  was  conducted  according  to  the  principles  enunciated  In 
the  Guide  for  Laboratory  Animal  Facilities  and  Care  prepared  by  the  National 
Academy  of  Sclences-Natlonal  Research  Council. 
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INTRODUCTION 


The  Walter  Reed  Army  Institute  of  Research  (WRAIR)  was  formally  tasked 
by  the  U.  S,  Army  Medical  Research  and  Development  Command  In  February  1978 
with  establishing  a  research  program  to  study  the  pathophysiological  effects 
of  blast  overpressure.  Among  the  questions  to  be  answered  were:  (1)  What 
physical  characteristics  of  the  blast  wave  are  associated  with  Injuries  to 
vital  organs?  (2)  What  are  the  thresholds  for  Injury  to  the  various  organ 
systems  of  man?  (3)  What  approaches  are  available  and  most  feasible  for  pro¬ 
phylaxis  and  treatment  of  blast  overpressure  Injury? 

The  Army's  Interest  In  blast  t  verpressure  effects  resulted  from  muzzle  - 
blast  measurements  at  the  crew  positions  of  Army  weapons  systems  which  exceeded 
the  levels  set  forth  In  Military  Standard  1474  (Reference  1).  This  document 
contains  damage-risk  criteria  for  auditory  Injury  from  impulse  noise  In  terms 
of  peak  pressure,  duration,  number  of  exposures  per  day,  and  the  hearing  pro¬ 
tection  used.  The  Office  of  the  Surgeon  General  has  adopted  the  upper  limit 
(Z-llne)  for  impulse  noise  in  this  standard  as  the  level  that  should  not  be 
exceeded  because  of  the  possibility  of  non-ouditory  blast  injury. 

Since  1978  our  laboratory  has  been  contracted  by  the  Blast  Overpressure 
Project,  Department  of  Clinical  Physiology,  Division  of  Medicine,  WRAIR,  to 
study  the  consequences  of  repeated  blast  exposures  In  large  animal  mode's. 

For  each  of  the  experimental  arrangements  tested,  lower  overpressures  were  re¬ 
quired  for  Injury  to  the  upper  respiratory  tract  and  intra-abdominal  organs 
then  those  required  for  lung  injury.  Moreover,  th»- results  have  shown  that 
repeated  blasts  at  threshold  injury  levels  for  single  blasts  will  significantly 


Increase  the  severity  of  Injuries.  These  data  were  reported  In  Reference  2 
along  with  a  stannary  of  the  literature  on  repeated  blasts. 

This  presentation  will  first  give  damage-risk  criteria  for  man  sub¬ 
jected  to  one  or  twenty  blasts  of  short  duration.  The  criteria  relate  the 
peak  overpressures  required  for  threshold  and  severs  injury  to  the  lungs, 
larynx,  and  gastrointestinal  tract  (G.I.  tract)  as  a  function  of  duration 
and  Impulse.  Secondly,  damage-risk  criteria  for  repeated  blasts  of  long 
duration  will  be  presented.  These  Include  selected  injury  levels  produced 
by  one  or  five  blasts  and  curves  relating  a  1-percent  probability  of  mor¬ 
tality  to  the  Incident  blast  overpressure  and  the  number  of  blast  exposures. 

METHODS 

EXPERIMENTAL  DESIGN 

The  damage-risk  criteria  presented  In  this  report  were,  for  the  most 
part,  based  on  the  results  obtained  from  three  studies. 

The  isopeak  pressure  study  Involved  subjecting  groups  of  six  sheep  to 
20  consecutive  blasts  each  having  an  Incident  peak  pressure  of  10  psi.  The  po¬ 
sitive  Impulses  ranged  from  9.2  psi -msec  from  the  1-lb  charges  to  32.7  psi -msec 
for  the  64-lb  ones.  Table  1. 

The  isoimpulse  study  consisted  of  exposing  groups  of  six  sheep  to  20 
blasts  each  with  an  impulse  of  20  psi -msec  from  one  of  five  charge  weights. 

The  peak  pressures  ranged  from  38.5  psi  In  connection  with  the  3-lb  charges 
to  3.8  psi  from  the  64-lb  charges.  Table  2. 
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TABLE 


PRESSURE-TIME  EVALUATED  IN  ISOPEAK  PRESSURE  STUDY 


Charge 
Weight,  1b 

Range,  ft 
(HOB,  ft) 

Peak 

Pressure, 

psl 

Duration, 

msec 

Impulse, 
psl .msec 

1 

11.1 

10.0* 

2.3 

9.2 

(  1-6) 

0.4 

0.1 

0.4 

8 

21.3 

9.4 

4.3 

16.1 

(3.2) 

0.6 

0.2 

1.2 

16 

27.0 

10.1 

5.8 

21.3 

(  6.0) 

0.9 

0.8 

1.2 

32 

34.5 

10.1 

6.8 

27.3 

(  2-D 

0.5 

0.8 

2.6 

64 

44.2 

10.1 

8.6 

32.7 

(10.1) 

1.1 

0.9 

3.4 

a  Mean  and  standard  deviation  for  20  blasts. 
Ambient  pressure  at  test  site;  12.0  psl. 


TABLE  2 

PRESSURE-TIME  EVALUATED  IN  ISOIMPULSE  STUDY 


Charge 
Weight,  1b 

Range,  ft 
(HOB,  ft) 

Peak 

Pressure, 

psl 

Duration, 

msec 

Impulse, 
psl 'msec 

3 

7.8 

38.5* 

1.8 

18.7 

(  1-2) 

2.6 

0.1 

1.5 

3 

15.6 

16.9 

3.8 

20.4 

(  3.2) 

0.9 

0.3 

1.5 

16 

27.0 

10.1 

5.8 

21.3 

(  6.0) 

0.9 

0.8 

1.2 

32 

43.0 

7.0 

8.5 

22.6 

(  6.0) 

0.8 

1.3 

2.2 

64 

76.3 

3.8 

11.7 

19.4 

(10.1) 

0.2 

0.8 

1.4 

a  Mean  and  standard  deviat.on  for  20  blasts. 


Ambient  pressure  at  test  site:  12.0  psl. 


The  peak  pressure/impulse  study  was  conducted  to  supplement  the  first 
two  and  evaluated  20  blasts  each  with  one  of  the  peak  pressures  and  Impulses 
l’sted  In  Table  3.  There  ware  five  or  six  specimens  per  group. 


TABLE  3 

PRESSURE-TIME  EVALUATED  IN  SELECTED 
PEAK  PRESSURE/IMPULSE  STUDY 


Charge 
Weight,  lb 

Range,  ft 
(HOB,  ft) 

Peak 

Pressure, 

psl 

Duration, 

msec 

Impulse, 
psl ‘msec 

64.0 

52.0 

7.5a 

9.7 

28.6 

(10.1) 

0.27 

0.94 

0.38 

0.5 

7.5 

13.6 

1.7 

8.2 

(  1.0) 

0.74 

0.10 

0.23 

8.0 

14.5 

18.5 

3.6 

21.0 

(  2.0) 

1.35 

0.08 

1.38 

0.5 

5.9 

22.2 

1.4 

9.0 

(  l.o) 

0.84 

0.13 

0.25 

8.0 

13.5 

22.7 

3.6 

24.0 

(  3.0) 

0.84 

0.15 

0.97 

0.5 

5.2 

29.6 

1.1 

10.8 

(  1.0) 

0.86 

0.04 

0.23 

a  Mean  and  standard  deviation  for  20  blasts. 
Ambient  pressure  at  the  test  site;  12.0  psl. 
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Within  the  three  studies*  groups  of  two  or  throe  subjects  Mere  ex¬ 
posed  to  a  single  blast  at  one  of  the  pressure-time  conditions  evaluated. 

EXPLOSIVE  CHARGES 

The  0.5-,  1.0-*  3.0-,  and  8-lb  charges  were  spheres  of  cast  pentollte. 
The  larger  charges  were  made  up  of  8-1b  blocks  of  cast  TNT. 

The  charges  were  detonated  by  an  FS-10  Portable  Geophysics  Exploding 
Brldgewlre  Firing  Set  using  RP-83  EBW  detonators  (Reynolds  Industries.  Inc.). 
The  detonators  were  placed  In  the  center  of  the  pentollte  spheres  and  were 
taped  to  the  TNT  charges  along  with  about  10  g  of  Composition  C-3  as  a  booster. 

There  was  about  a  5-mln  Interval  between  firings  except  for  the  64-lb 
charges  where  the  Interval  was  near  10  min. 

PRESSURE-TIME  MEASUREMENTS 

Pencil -shaped  piezoelectric  gages  (Susquehanna  Model  ST-7)  were  used 
to  make  the  free-fleld  pressure-time  measurements.  The  outputs  from  the 
gages  were  passed  through  a  Textronlx  differential  amplifier  (Model  AM502) 
and  recorded  on  a  magnetic-tape  unit  (Ampex  Model  PR2230),  Paper  strip  chart 
records  were  obtained  from  the  magnetic  tape  using  a  fiberoptic  vlslcorder 
(Honeywell  Model  1858).  The  peak  overpressures*  durations,  and  Impulses  were 
read  from  the  hardcopy.  The  duration  of  the  positive  phase  was  measured  from 
the  initial  pressure  rise,  zero  time,  until  the  trace  first  dropped  below  base¬ 
line.  This  Is  the  A-duratlon  and  not  the  B-duratlon  conroonly  used  In  the  field 
of  auditory  effects  of  Impulse  noise. 
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TEST  SPECIMENS 

The  test  specimens  were  Columtola-Ramboulllet  cross  open  ewes  of  from 
40'  to  50- kg  body  weight.  A  fishnet  harness  was  used  to  keep  the  sheep  stand 
Ing  on  all  fours  and  oriented  right-side-on  to  the  blast.  All  were  given  se¬ 
dative  doses  of  Rompun*  I.M.  15  min  before  testing. 

INJURY  ASSESSMENT 

All  animals  were  sacrificed  1  hr  post  blast  by  anesthetic  doses  of 
Nembutal*  I.V.  and  exsangulnatlon.  Postmortem  examinations  were  conducted. 
Gross  pathological  findings  from  the  lungs,  G.I.  tract,  and  upper  respiratory 
tract  (larynx,  pharynx,  and  trachea)  were  recorded.  The  minimal  or  threshold 
Injuries  consisted  of  small  groups  of  petechlae  on  the  lungs,  light  contu¬ 
sions  In  the  wall  of  the  G.I.  tract,  and  petechlae  lining  the  upper  respira¬ 
tory  tract.  In  the  opinion  of  thenmedlcal  experts,  such  threshold  Injuries 
would  not  be  expected  to  Impair  htanan  performance.  They  would  be  benlgh, 
asymptomatic,  and  probably  would  not  produce  any  discomfort  to  the  Individual 
They  would  be  self-healing  without  treatment. 

Severe  Injury  to  the  lung  was  characterized  by  large,  confluent  hemor¬ 
rhages  deep  Into  the  parenchyma  and  bloody  froth  In  the  bronchi  and  upper 
respiratory  tract.  Severe  G.I.  tract  Injuries  consisted  of  large  areas  of 
subserosal  and  submucosal  contusions  scattered  throughout  the  system  with 
mucosal  ulcerations  hemorrhaging  Into  the  lumen  of  the  organs.  The  severe 
upper-respiratory-tract  Injuries  consisted  of  hematomas  lining  the  larynx, 
pharynx,  and  trachea  resulting  In  a  reduction  In  the  Inside  diameters  of 
those  organs.  Severe  Injuries  would  present  serious  lesions  that  could  be 
life  threatening  to  the  Individual. 


ANALYSIS 


The  matured  overpressures,  durations,  and  overpressure  Input ses  were 
scaled  to  a  70-kg  man  at  sea  level  using  the  procedures  discussed  In  Reference 
3.  The  scaled  overpressures  were  plotted  as  a  function  of  the  scaled  durations 
and  curves  were  drawn  to  define  the  conditions  for  threshold  and  severe  Injury. 
In  general ,  the  threshold-injury  curves  were  drawn  through  tho  highest  over¬ 
pressures  where  no  or  only  very  minimal  Injuries  were  detected,  and  the  severe- 
Injury  curves  were  drawn  through  the  lowest  overpressures  where  severe  Injuries 
(as  discussed  In  the  previous  paragraph)  were  detected-  An  analogous  procedure 
was  used  to  obtain  Injury  curves  for  scaled  overpressure  vs  scaled  overpressure 
Impulse. 

Each  point  or  the  curves  defined  an  overpressure  and  either  a  corres¬ 
ponding  duration  or  a  corresponding  impulse  which  were  then  converted  to  a  range 

and  yield  by  assuming  a  TNT  detonation  at  a  scaled  height -of-burst  of  approxl- 
i/» 

mately  2  ft/lb  .  In  each  case,  the  range-vs-yleld  points  obtained  from  the 
overpressure-vs-lmpulse  curve  agreed  closely  with  the  corresponding  points  ob¬ 
tained  from  the  overpressure-vs-duratlon  curve.  The  final  range-vs-yleld  curves 
were  smoothed  through  all  of  the  points  obtained  by  both  procedures. 

RESULTS 

DAMAGE* RISK  CRITERIA  FOR  REPEATED  BLASTS  OF  SHORT  DURATION 

The  incident  overpressures  necessary  for  threshold  and  severe  Inju¬ 
ries  from  1  or  20  blasts  appear  as  a  function  of  duration  in  Figure  1.  In 
general,  the  curves  bend  upwards  at  the  shorter  durations.  The  threshold 


Incident  Overpressure,  psi 
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Figure  1.  Damage  Criteria  Curves  for  Personnel  Standing  In  the  Open 
In  Relation  to  the  Incident  Overpressure  and  Duration. 
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overpressure*  wHk  20  bliat  tsxpMwm  at*  highest  for  the  lw*f  and 

lowest  for  the  larynx.  For  example,  with  blast  wave*  of  8~«*ec  duration  these 
threshold  overpressures  era  near  15.5  pal  for  the  lung.  S.5  pel  far  the  ft.  I. 
tract,  and  5.0  pel  for  the  larynx.  Except  for  very  short  durations,  there  are 
no  Important  differences  between  the  Incident  overpressures  required  for  thresh¬ 
old  Injuries  from  1  blast  and  those  required  from  20  blasts.  This  would  sug¬ 
gest  that  the  number  of  blast  exposures  Is  unimportant  provided  the  overpres¬ 
sures  are  at  subthreshold  levels  for  1  blast.  As  seen  In  Figure  1,  for  the 
G.I.  tract,  the  curve  for  1-blast  threshold  Injury  Is  about  the  same  as  the 
curve  for  20-blasts  severe  Injury. 

The  Incident  overpressures  associated  with  these  Injury  criteria  are 
plotted  as  a  function  of  overpressure  Impulse  in  Figure  2.  These  curves  are 
similar  to  the  critical-load  curves  used  to  predict  structural  damage.  That  Is, 
there  Is  a  critical  peak  pressure  and  Impulse  both  of  which  have  to  be  exceeded 
In  order  to  Inflict  damage  to  a  particular  structure.  The  critical  overpressures 
can  be  estimated  from  many  of  the  curves  In  Figure  2,  but  additional  data  would 
have  to  be  obtained  at  close  ranges  from  very  small  charges  In  order  to  accu¬ 
rately  estimate  the  critical  Impulses.  For  underwater  blasts,  the  critical 
Impulses  could  be  estimated  at  greater  ranges  from  larger  charges  because  the 
surface  cut-off  wave  truncates  and  thereby  shortens  the  duration  of  the  Inci¬ 
dent  wave. 

Criteria  In  Relation  to  Range  and  Charge  Weight 

Figures  3  through  6  present  curves  for  charge  weight  vs  range 
where  threshold  Injury  or  severe  Injury  can  be  expected  to  occur  from  1  or 
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Figure  2. 


Damage  Criteria  Curves  for  Personnel  Standing  in  the  Open  in 
Relation  to  the  Indicent  Overpressure  and  Impulse. 
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Figure  3.  Ranges  for  Threshold  Injuries  In  Personnel  Exposed  to  One  Blast 
as  a  Function  of  Charge  Weight. 
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Figure  4.  Ranges  for  Threshold  Injuries  In  Personnel  Exposed  to  20  Blasts 
as  a  Function  of  Charge  Weight. 
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Figure  5.  Ranges  for  Severe  Injuries  in4  Personnel  Exposed  to  One  Blast  as 
a  Function  of  Charge  Weight, 
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20  blasts.  These  curves  apply  to  a  man  standing  near  detonations  at  low  heights 
of  burst  for  sea-level  conditions. 

In  regard  to  threshold  Injury  from  1  or  20  blasts  (Figs.  3  and  4) 
lesions  to  the  larynx  were  the  most  far-reaching  effect,  followed  by  the  G.I. 
tract  and  the  lung.  This  sequence  changes  with  respect  to  severe  Injury  from 
20  blasts  (Fig.  6)  where  G.I.  tract  Injury  is  tile  most  far-reaching  effect. 

This  Is  probably  due  to  the  fact  that  repeated  blasts  can  cause  a  threshold  con¬ 
tusion  1h  the  6.1.  tract  to  grow  in  size  leading  to  disruption  of  the  mucosal 
lining  with  concomitant  hemorrhaging  into  the  lumen  of  the  organ  which  warrants 
a  severe  rating. 

The  ranges  for  threshold  injury  from  I  and  ?Q  blasts  were  about 

the  same  except  for  charges  of  less  than  10  lb  {Figs.  3  and  4,. 

It  can  be  seen  In  Fiqures  5  and  6  that  the  ranges  at  which  se¬ 

vere  injury  to  the  2.1.  tract  can  occur  from  20  blasts  are  nearly  twice  those 
for  a  single  bl*  *  The  difference  in  these  ranges  for  severe  lung  Injury  was 
far  less  than  that  ,«r  G.I.  tract. 

DAMAGE-RISK  CRITERIA  FOR  REPEATED  BLASTS  OF  LONG  DURATION 
Injuries 

Table  4  gives  estimates  of  the  peak  overpressures  for  1  and  b 
blasts  required  to  produce  selected  injuries  in  man.  Reference  2.  The  esti¬ 
mates  were  based  on;the  results  of  tests  wherein  sheep  and  swine  were  exposed 
to  high-explosive-generated  blasts  while  against  a  reflector  plate  in  a  shock- 
tube.  The  durations  of  the  blast  waves  were  on  the  order  of  10  msec.  They 
were  delivered  at  a  rate  of  1  oer  min.  The  overpressures  required  to  produce 
selected  injury  levels  in  animals  were  scaled  to  long-duration  tnes  at  sea 
level  and  to  the  body  weight  of  man. 


( 
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INJURY  VS  OVERPRESSURE  FROM  ONE  OR  FIVE  LONG-DURATION  BLASTS 


Effective  Overpressure,  psi 
Injury  Level  One  Blast  Five  Blasts 


LARYNX 


Slight 


Threshold 

6 

3 

50*  Incidence 

10 

5 

Moderate-Severe 

Threshold 

10 

5 

50%  Incidence 

12 

8 

GASTROINTESTINAL  TRACT 

Slight 

Threshold 

8 

7 

50%  Incidence 

12 

8 

Moderate-Severe 

Threshold 

12 

8 

50%  Incidence 

18 

14 

LUNGS 


Slight 


Threshold 

11 

11 

50%  Incidence 

16 

16 

Moderate-Severe 

£0%  Incidence 

27 

21 

Effective  overpressure  may  be: 

a.  Incident  overpressure  If  personnel  are  end-on  to  the  blast 

b.  Incident  plus  dynamic  pressure  if  side-on  to  the  blast,  or 

c.  reflected  overpressure  If  against  a  reflecting  surface. 
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The  predicted  threshold  for  lung  hemorrhage  In  man  from  a  single 
blast  obtained  by  this  method  was  11  psl  which  was  In  agreement  with  previous 
estimates  of  10-12  psl.  Reference  3.  As  seen  In  Table  4,  the  threshold  values 
from  single  blasts  for  laryngeal  lesions  (6  psl)  and  G.I.  tract  Injury  (8  psl) 
were  below  that  for  lung  hemorrhage.  The  overpressures  required  for  given  le¬ 
vels  of  laryngeal  lesions  from  five  blasts  were  on  the  order  of  half  those  from 
a  single  blast.  A  50-Dercent  incidence  of  moderate-severe  Injuries  from  five 
blasts  could  be  expected  to  occur  at  overpressures  of  8  psl  for  the  larynx, 

14  psi  for  the  6.1.  tract,  and  21  psl  for  the  lungs. 

Mortality 

Previously  reported  estimates  for  a  1-percent  probability  of 
mortality  for  man  in  various  initial  orientations  are  shown  as  a  function  of 
the  peak  incident  overpressure  and  number  of  blasts  in  Figure  7,  Reference  2. 

The  curves  were  derived  by  taking  the  overpressures  associated  with  1-hour 
mortality  In  large  animals  tested  in  the  shocktube  and  scaling  them  to  a  70-kg 
man  and  long-duration  blast  waves  at  sea  level.  The  figure  gives  the  incident 
overpressures  necessary  to  generate  the  same  effective  airblast  dose  for  three 
conditions  of  exposure.  For  personnel  prone  end-on  to  the  blast,  the  side-on 
incident  overpressure  constitutes  the  airblast  dose.  A  single  blast  of  40  psi 
could  be  expected  to  produce  1 -percent  mortality.  Three  blasts  of  25  psi 
could  produce  the  same  mortality  rate. 

For  personnel  prone  side-on  to  the  blast  or  standing,  the  in¬ 
cident  side-on  overpressure  plus  the  dynamic  overpressure  represents  the  air- 
blast  dose.  An  effective  dose  of  40  psl  and  a  1-percent  mortality  would  be 
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generated  by  an  Incident  shock  wave  of  26.5  p$1  plus  the  associated  dynamic 
pressure  of  13.5  psl.  Figure  7.  Three  blasts  of  about  18.5  psl  would  cause 
a  1 -percent  Incidence  of  death. 

For  Individuals  against  or  close  to  a  large  reflecting  surface, 
the  reflected  pressure  would  be  the  damaging  alrblast  parameter  and.  In  this 
case,  an  Incident  shockwave  of  14.6  would  reflect  to  40  psl  and  result  In  a 
1-percent  probability  of  death  (Fig.  7).  Three  blasts  having  Incident  over¬ 
pressures  of  10  psl  could  Inflict  1-percent  mortality  among  persons  exposed 
under  this  condition. 


DISCUSSION 

It  appears  from  the  results  of  the  present  and  previously-reported 
studies  that  repeated  blasts  of  subthreshold  levels  for  single  exposures  are 
of  no  consequence  as  far  as  non-audltory  injuries  are  concerned.  During  one 
experimental  series,  sheep  were  given  50  blasts  at  a  rate  of  1  per  min  dally 
for  4  consecutive  days  without  gross  Injury  detectable  in  their  lungs  or  G.I. 
tracts.  The  blast  overpressure  was  7.5  psl  (duration  about  10  msec),  which 
was  below  the  single-exposure  thresholds  for  Injury  to  the  lungs  (13  psl)  or 
G.I.  tract  (10  psl). 

Nearly  all  the  Investigations  on  repeated  blast  effects  previously 
reported  were  obtained  by  keeping  the  peak  overpressure  and  time  between 
blasts  constant  within  a  given  experimental  series.  The  effects  of  varying 
the  magnitudes  of  the  blasts  and  the  time  Intervals  between  blasts  deserve 
further  study. 
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Another  area  deserving  attention  is  the  effect  of  repeated  blasts  on 
the  unprotected  ear.  In  particular,  information  Is  needed  on  the  extent  of 
damage  to  the  eardrum  and  ossicular  chain  as  a  function  of  the  number  and  the 
Intensity  of  the  blasts. 

The  Injuries  reported  In  the  present  study  were  determined  by  gross 
observations.  More  sensitive  methods  of  detecting  Injury  to  the  lung  from  re¬ 
peated  blasts  are  underway  which  Include  pulmonary  function  tests  and  techni¬ 
ques  to  detect  and  measure  pulmonary  edema.  Various  biochemical  markers  are 
also  being  evaluated  In  the  blood  serum  of  blast-injured  animals  as  an  early 
indicator  of  disruption  of  tissue  in  the  lung  and  G.I.  tract.  Detailed  histo¬ 
logical  studies  of  tissues  from  specimens  subjected  to  a  wide  range  of  blast 
overpressures  are  also  being  conducted. 

In  regard  to  the  mechanism  of  lung  injury,  intrathoracic  pressures 
(ITP's)  have  been  measured  in  volunteers  exposed  in  various  orientations  to 
shockwaves  of  1,  2,  and  3  psl,  all  of  which  are  below  the  Z-line.  On  some 
of  the  tests,  the  volunteers  wore  clothing  and  protective  garments.  The  data 
are  currently  being  correlated  with  the  ITP's  computed  by  a  mathematical  lung 
model  for  man  and  with  ITP's  measured  inside  sheep  as  well  as  in  the  foam- 
plastic  lung  of  a  fluid-filled  dummy  exposed  over  a  wider  range  of  blast  over¬ 
pressures.  Preliminary  results  indicate  that  the  trends  in  the  ITP's  measured 
in  the  volunteers  receiving  incident  overpressures  of  less  than  3  psi  contin¬ 
ued  in  the  experimental  animals  and  dummy  at  higher  levels. 
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ABSTRACT 


A  quantitative  model  for  the  prediction  of  the  lethality  of  unprotected  persons 
due  to  debris  and  fragments  is  presented.  The  model  provides  the  basis  for  the 
quantitative  assessment  of  hazards  caused  by  debris  and  fragments  from  various 
sources  such  as  crater  ejecta,  building  debris  and  fragments  from  bombs  and 
shells. 

In  a  first  step,  the  effects  of  a  single  piece  of  debris  onto  exposed  persons 
are  investigated.  The  lethalities  of  different  body  regions  are  evaluated  in 
terms  of  the  debris  characteristics. 

In  a  second  'ten,  the  lethality  caused  by  the  whole  debris  shower  is  obtained 
by  superposition. 

A  sample  application  shows  how  the  model  can  be  used  to  predict  the  lethality 
caused  by  crater  ejecta  from  surface  explosions  on  soil 


Paper  presented  to 

Twentieth  Explosives  Safety  Seminar,  24  -  26  August  1982 
The  Omni  Hotel,  Norfolk,  Virginia,  USA 
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INTRODUCTION 


In  Switzerland,  the  safety  of  manufacturing  and  storage  of  ammunition  and  explo¬ 
sives  has,  for  some  time,  been  assessed  by  means  of  a  quantitative  risk  analysis. 
In  this  analysis  the  expected  damage  in  case  of  a  possible  explosion  is  estimated. 
For  this  purpose,  the  effects  of  an  explosion  as  well  as  the  danger  resulting  to 
persons  at  each  location  in  the  surroundings  of  the  potential  source  of  explosion 
must  be  known. 

In  the  course  of  compiling  data  on  explosion  effects  it  was  noticed  that  only  few 
data  are  available  on  the  effects  of  debris  and  fragments.  Often,  these  effects 
cause  the  dominating  risk  for  persons  in  the  open.  To  fill  this  gap,  a  comprehen¬ 
sive  research  programme  has  been  started  in  Switzerland.  This  paper  summarizes 
the  results  of  the  efforts  to  develop  a  model  for  the  quantitative  assessment  of 
the  lethality  for  persons  exposed  to  debris  throw. 

In  addition,  the  results  of  the  application  of  the  model  to  hazards  created  by 
crater  debris  from  surface  explosions  on  soil  are  presented 


STRUCTURE  OF  THE  PROBLEM 

The  assessment  of  the  lethality  of  persons  caused  by  debris  throw  can  be  divided 
into  the  investigation  of  the  debris  shower  and  the  investigation  of  the  effects 
on  persons  (see  page  2). 

The  properties  of  the  debris  shower  caused  by  explosions  depend  on  many  parameters: 
type  of  explosive,  casing  and  confinement  of  the  charge,  height  of  burst,  sur¬ 
roundings  (e.g.  barricades,  woods,  topography),  etc.  Therefore,  a  general  treat¬ 
ment  is  hardly  possible. 

To  serve  as  an  illustration,  the  results  of  the  investigation  about  crater  debris 
shower  characteristics  caused  by  surface  explosions  on  soil  are  presented  in  the 
example  at  the  end  of  this  paper. 

The  investigation  of  the  effects  of  debris  on  persons  can  be  subdivided  in  the 
evaluation  of  the  lethalities  caused  by  single  debris  and  the  determination  of 
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Figure  1:  Structure  of  the  problem:  Lethality  caused  by  debris  throw 


INVESTIGATION  OF  THE  LETHALITY  CAUSED  BY  SINGLE  DEBRIS 

When  investigating  the  lethality  of  a  person  due  to  single  impacting  debris,  its 
characteristics  relevant  for  the  lethality  are  assumed  to  be  known. 

For  the  determination  of  the  lethality,  the  following  two  factors  are  of  import¬ 
ance: 

.  Location  of  impact  on  human  body 

.  Probability  of  this  location  being  hit  by  a  single  piece  of  debris 


Figure  2:  Example  for  the  dividing  of  the  body  into  regions  with  similar 
sensitivity  and  measurements  of  the  "Standard  Man"  in  mm 
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Influence  of  the  location  of  Impact 

In  our  model,  the  location  of  an  impact  is  being  accounted  for  by  dividing  the 
body  into  several  regions.  It  is  assumed  that  the  sensitivity  to  debris  remains 
approximately  the  same  at  all  points  within  one  region. 

The  body  can,  of  course,  be  divided  into  any  number  of  such  regions.  However, 
this  is  sensible  only  insofar  as  it  is  possible  to  provide  quantitative  informa¬ 
tion  concerning  the  different  sensitivities. 

In  the  example  of  Figure  2,  the  body  has  been  divided  into  four  regions. 


For  the  individual  regions,  the  probability  that  a  single  impacting  piece  of  de¬ 
bris  would  be  lethal  has  to  be  determined.  This  probability  is  called  the  basic 
lethality  x^-jj  of  debris  i  on  region  j.  These  basic  lethalities  depend  on  many 
parameters  which  concern  the  characteristics  of  the  debris  as  wall  as  those  of 
the  exposed  person  itself.  Figure  3  shows  the  most  important  parameters  which  in¬ 
fluence  the  basic  lethalities: 


Figure  3:  Parameters  influencing  the  basic  lethalities 
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To  give  an  example,  basic  lethalities  caused  by  impacting,  non-penetrating  debris 
(e.g.  crater  debris)  are  given  in  Figure  4.  These  lethalities  were  established  dur 
ing  the  evaluation  of  various  data  of  the  respective  literature  (Ref.  2-9).  In 
the  case  of  non-penetrating  debris  it  is  normally  assumed  that  their  kinetic  ener¬ 
gy  (mv2/2)  is  the  decisive  factor  for  the  lethality. 


Figure  4:  Bas’c  lethalities  due  to  impacting  (non-penetrating)  debris  depending 
on  kinetic  energy 

In  addition.  Figure  4  shows  the  79-Joule-criterion  (=  58  ft  •  lb)  which  is  also 
used  in  the  NATO  Safety  Principles  for  the  storage  of  ammunition  and  explosives 
(Ref.  10).  A?  mentioned  in  Ref.  11,  this  very  old  criterion  appears  to  have  been 
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borrowed  initially  from  the  German  Army  Doctrine  (Ref.  12)  at  the  beginning  of 
this  century.  In  its  crudest  form,  this  criterion  stated  that  missiles  with  less 
than  79  J  of  kinetic  energy  do  not  kill,  and  that  those  with  more  than  79  J  do 
kill. 

Figure  4  tells  us  that  this  criterion  overestimates  the  effects  of  non-penetrat¬ 
ing  debris. 


j Probability  of  hitting  a  given  location 

For  the  investigation  of  the  lethalities  caused  by  a  single  piece  of  debris,  the 
probability  of  each  region  being  hit  plays  an  important  ro'e.  To  account  for  this 
probability,  the  projected  area  A-jj  of  the  body  region  j  onto  the  horizontal  sur¬ 
face  (see  Figure  5)  is  used.  These  projected  areas  mainly  depend  on  size,  position 
(standing,  lying,  sitting)  and  orientation  (front,  back,  side)  of  the  exposed  per¬ 
son.  In  comparison  to  this,  the  NATO  Safety  Principles  assume  the  projected  area 
of  the  whole  body  to  be  constant  (a  =  0.58  m^). 


Figure  5:  Projected  areas  of  the  body  regions  onto  the  horizontal  surface; 
Example:  impact  angle  =  80° 
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Lethality  caused  by  single  debrie 


Using  the  two  definitions  "Basic  Lethality  xBij"  and  "Projected  Area  A^M  the 
lethality  of  a  single  piece  of  debris  hitting  the  body  (anywhere)  can  be  estab¬ 
lished  as  follows: 


j«l  •  xBij  •  Ai  j 


q 

£ 

j*l 


Aij 


0) 


Lethality  aaueed  by  multiple  debris 

Krfbwing  the  lethality  A.j  of  a  single  piece  of  debris  hitting  a  body,  the  letha¬ 
lity  of  p  impacting  debris  can  be  calculated  as  follows: 

A  =  1  -  (1  -  -  A2)-  ...  .(1  -  A. )’  ...  •(!  -  A  )  (2) 

In  practice,  however,  it  is  hardly  possible  to  determine  the  lethality  A1  of 
every  single  piece  of  a  debris  shower.  It  is  necessary  to  make  simplifications, 
for  instance,  by  selecting  groups  of  debris  with  similar  characteristics 
(e.g.  similar  values  for  impact  velocity  and  impact  angle). 

The  debris  density  6..  is  usually  evaluated  (number  of  debris  per  unit  area)  when 
tests  or  hazard  evaluations  are  made.  Therefore,  this  quantity  is  used  in  Table  1 
to  characterize  the  number  of  debris  in  each  group.  Based  on  these  data,  the  le¬ 
thality  of  n  debris  groups  can  be  calculated  as  follows: 


A 


1  -  e 


n 

-  ill 


<5i 


xi 


q 

j=i 


V 


(3) 
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Table  1:  Debris  groups 
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The  following  equation  results  when  equation  (1)  and  (3)  are  combined: 


x 


1  -  e 


n 


(4) 


The  literature  often  uses  the  debris  mass  density  (debris  mass  per  unit  area) 
instead  of  the  debris  density  6\  (debris  of  group  i  per  unit  area).  Both  quanti¬ 
ties  are  connected  as  follows: 

Ti  ■  r  ' 5  <5> 

=  debris  density  of  debris  group  i 
=  percentage  of  weight  of  debris  group  i 
m.j  =  average  debris  mass  of  group  i 
6  *  debris  mass  density  *  debris  mass  of  all  groups  per  unit  area 


With  relationship  (5)  formula  (3)  can  be  transformed  into: 
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m. 
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SAMPLE:  LETHALITY  DUE  TO  CRATER  EJECTA  FROM  A  SURFACE  EXPLOSION  ON  SOIL 

In  Ref.  1.  the  described  model  has  been  applied  for  the  evaluation  of  the  letha¬ 
lity  of  unprotected  persons  caused  by  uncased  surface  explosions  on  soil.  In  the 
following,  the  results  are  shown  together  with  the  most  Important  assumptions. 


Figure  6:  Problem:  Lethality  due  to  crater  ejecta  from  a  surface  explosion 

on  soil 

The  investigation  of  the  debris  shower  involves  the  following  three  steps: 


Figure  7:  Set-up  for  the  Investigation  of  the  debris  shower 
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Based  on  the  evaluation  of  various  data  from  the  literature  (Ref.  13-20),  the 
following  crater  ejecta  characteristics  have  been  established: 

Table  2:  Assumptions  concerning  the  specifications  of  crater  ejecta 


Properties 

Range 

Assumption  for  the  Example 

For* 

spherical  to  cubical 

Oraj.  coeff .  c0 

0.47  <  c0  <  0.80 

Cp  •  0.64 

Density  p 

1700  kg/*3  <  p  <  *300  kg/m3 

p  »  2000  kg/m3 

Inpsct  Angle  o£ 

60"  <  0^  <  90” 

•  80" 

Impact  Velocity 

VE  <  ballistic  3  61  "1/6 
v£  <  Initial  velocity  v0 

(at  horizontal  terrain) 

v£  ■  61  m,/* 

The  distribution  of  the  debrie  maee  depends  on  the  type  of  ground,  in  the  case  of 
cohesive  soil  also  on  the  size  of  the  charge.  Figure  8  shows  examples  of  typical 
size  distributions. 


Figure  8:  Distribution  of  debris  size  and  mass  on  various  types  of 
ground  and  with  different  charge  weights 


Upon  using  this  model.  It  was  assumed  that  the  distribution  of  debris  sizes  In 
percent  does  not  depend  on  the  distance  from  the  charge.  This  simplification  Is 
justified  for  charge  weights  up  to  approx.  1 00 ( 000  kg  (see  Middle  Gust  Tests, 
Ref.  20).  In  case  of  bigger  charges  one  can  find  a  disassoclatlon  with  increas¬ 
ing  distances:  medium-sized  debris  fly  the  farest,  whereas  extremely  small  and 
extremely  big  fragments  show  a  shorter  trajectory. 


By  comparing  numerous  relationships  found  in  the  literature  the  debris  mass 
density  5  (»  debris  mass  per  horizontal  unit  area)  was  determined  to  be 

6  =  27  •  Q1,4  •  r"3,6  (7) 

<5  (kg/m2),  Q  (kg),  r  (m) 

The  basic  lethalities  as  listed  in  Figure  4  were  used  to  describe  the  sensitivity 
of  persons.  The  impace  velocities  V£  according  to  Table  2  had  to  be  adjusted  as 
the  velocities  vertical  to  the  body  surface  are  decisive  for  the  basic  lethali¬ 
ties. 


Based  on  these  assumptions,  the  lethalities  of  unprotected  persons  caused  by 
crater  ejecta  can  be  calculated  as  follows: 


6  * 


r 


-3.6 


B 


(8) 


The  values  for  e  depend  on  the  position  and  the  orientation  of  the  person,  and 
on  the  ground  material.  For  standing  persons  and  non-cohesive  soil  it  amounts  to 
B  =  0.015.  Figure  9  illustrates  the  relationship  between  lethality  and  distance 
and  the  relationships  for  various  charge  weights  Q. 


Figure  9  also  Illustrates  the  lethality  relationship  for  a  charge  weight  of 
1 00 ' 000  kg  based  on  the  assumptions  made  on  the  sensitivity  of  persons  in  the 
NATO  Safety  Principles  (critical  energy  -  79  joule,  exposed  area  =  0.58  m2). 


This  comparison  shows  that  distances  may  differ  by  as  much  as  a  factor  of  two. 


SUMMARY  AND  CONCLUSIONS 


To  allow  the  practical  application  of  risk  analyses,  basic  Information 
must  be  available  on  the  dangers  to  which  persons  are  exposed  to  by  each  of  the 
individual  explosion  effects.  In  the  literature,  however,  only  few  data  exist 
with  respect  to  the  dangers  to  which  persons  are  exposed  because  of  debris  and 
fragment  throw.  Therefore,  this  problem  has  been  extensively  studied  in  Switzer¬ 
land.  In  a  first  step,  a  model  has  been  elaborated  to  determine  the  effects  of 
various  types  of  debris  and  fragments. 

The  advantages  of  this  model  can  be  summarized  as  follows: 

.  Differentiating  of  influencing  parameters 

A  practically  unlimited  number  of  parameters  relating  to  debris  characteristics 
or  persons  can  be  considered. 

.  Systematic  Set-up 

By  way  of  systematically  structuring  the  model,  the  interrelationship  between 
the  individual  parameters  and  their  influence  on  the  lethality  can  clearly 
be  shown. 

.  General  Applicability 

The  model  is  put  together  in  such  a  way  that  it  can  be  used  for  all  kinds  of 
flying  or  dropping  objects.  Besides  the  presented  example  of  the  lethality 
caused  by  crater  ejecta,  the  model  has  also  been  used  for  the  investigation 
of  debris  from  donor  or  acceptor  buildings,  for  fragments  of  shells  or  bombs, 
etc. 

The  applicability  of  this  model  is  limited  insofar  as  part  of  the  required 
quantitative  information  is  unsufficient  up  to  this  day. 
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To  effectively  accomplish  theee  objectives,  we  zequire  a  dedicated  series, 
a  viable  progression  ladder  and  a  placement  program  that  is  truly  managed. 


EXAMPLES  OF  TASK 
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AMMUNITION  SPECIALIST 
CAREER  PROGRESSION 
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AMMUNITION  SPECIALIST 
CIVILIAN  CAREER  PROGRAM  TRAINING  PLAN 


ITIOH  SPECIALIST 


c 


8 


UHV 


CO  «i4 


M  V  £  4J  O 

a 9  .a  a.’s  I 


*3331 


h  hi 

,  H  0  <0 

(X  *J  4  0)  4 

in  m  -h  n 


_  o  « 
*M  3 


S3 


a  o  o  ap 

5  8«I. 


a  >  w 

3  2® 

o  *  o 

WJ! « 
>o  *2  >-<  3 

«utI  «  e  o  &h  S 

d"H  M  •«  ■n  O  rl  M 

flgat-Ho)  h  »  jd 

M<  «t  <H  *a  *H  m 

5.  4  >M  C  *J 

w  §  °  jS  4  * 

a  *H  CO  MO 

o 


Z2 


4)  -d  *H 

g  v  w 


■5?  _ 

x  Si 

u_4*i 

®  A 

S  ~ 


Mli 


TJ 

dl 

-  a-* .s 

«  9  Bj  U 

S  STS  y 


g. 

««i  '  s  s  h  o  4 

a>  >  a  ja  m  3  u 

-q  «  -h  y  «  i-i  S 

l?a*|3l 

^  T|  |  6  .  •H'O  • 


O  . 
M  T3 

a  3 


*■8 k 


U  60  _ 

!«ii 

3? 


4 

XI  x» 
«4  «  4 


>44 


I 


1 


4}  -W 
•9 


*01  89 


4  % 

V 


oo  g 


H  ^ 


liiislii 


1554 


0 


*  v  q 

■s  aiL 

M  H  fc  O 


4J  H  U  « 

o  a  a) 

*J  CN  <J  5 
n)  «  3 

m  4)  crn 

s  z?  r* 

>4  «W  H  03  ftp 
60  0  U  3  a 
o  a  »  -h 
m  a\  vi  < 

IV  I  •«  44 

w  ja  a  v 

n  o  «  «  a 

a!  t»  2  « 8 

s  §  *ja  ° 

°  .8  g§ 

*4  0  V  S  44 
m  .s  <*  vi 
Tl  u  o  H  t 
H  g  M«  6 

g*.  *1  ►. 

MU 

(30«a 
q  u  M  f  u 
■h  m  «  o  c 
u  «  o  0 
■h  v  q 
a  r*  0  0  § 

3  I  0  0  i 

■  8  5 

<  p  o  a 
o  >  v 

0  U  VI  0  lH 
03  M  t4 

vi  a  -a  0  0 

0  0  03 

V  0  M  r4  VI 
0  U  tI  0 

44  00  —4  a  Ml 

g  2  32  " 

a  E  o  oo 

«  o  0  a 

S  S. 2 

0  0  0  -H 
U  >  T3  0 

a  0  0  a  v 


i  i 

S  m3 

•n«H  h 

8  2  a 
£.2-3 

III 


(0 

»  U  o 


*35 

uo  O  to 

CU  (0 
*H  CL 
Cd  CO  Li 

a  m 


U  t4  O 
H  *J  (0  H 

:m 

o  a  u 

B  d  44 
•V  <  4-1  o 

iigi 

u  ►,  vi 

q  o  44 

44-4  -43 

a.  0  a 
v  a  x>  o 
0  0  u 
03  -4 

VI  0  -4  0 

44  43  4-1 

0  0  9  0 

03  3  0  w 

?!  a  i? 

O  O  0  i4 

5  0  0  3 

u  3  M  ja 
O  44  O 

VI  44  3  a 

i  s  s*  >4 
r  hg 

44  0  0  VI 
9  03  Vi  0 
M  U  33 
o  vi  S 
0  *  3  « 
ai  43  04  B 


¥  0 

.a«3. 


LI  9  'S  t> 

g  °’S’a  *4 

44  V  VI  0  d 
O  0  03  0 

^  -SIh  I 

.8  g  MsJ? 

44  03  >  0 
0  VI  O  0 
03  O  4->  VI  0 

vi  9  a 

’0  0  0-4 
44  O  VI  0  as 

O  W  0  H  3 
W  -4  00  C 


a  u  a  0  vi 

o  o  0  0  u 

ode 

a  a  3 

44  _g  0  ^  ^ 

a  VI  3  0  Vi 

O  0  0  03  O 

44  VI  a  H  44 

■o  vi  44 

44  O  0 

0  d.  O  •  O 

o  0  vi  0  d 

tv  a  00 

0  JO  44  V4 
0  V4  O  VI  0 

H  4-1  3  44 

O  T3  0 

VI  •  0  Vi 

0  03  d  CV 

•fl  O  <J  O 

«  C  _  0  D 

d  0  d  Vi  (4 

60  d  c  0  0 


0  VI  "0 

0  d  9 

rt  44  vi 


0  *  VI  3  q 

05  O  O  M 

-  M  4-1 

-4  3i  0 

r-j  r-4  0  0  VI 

3  a-°  §  §  . 

a  -4  0  a  a 

0  (O  r-4  0  0  o 

a  44  0  v  44 

v  -9  44  vi 

V  •  t>4  3  0 

VI  0  43  0  O’  O 

a  •  g  03  0  o 

M  44  0  VI  V4  -4 


1556 


RECRUITMENT  OF  AMMUNITION  SPECIALIST 


H  i 

H  ©  M 

-H  O  41 

q  C  V  T* 

*H  «  41  >  H 

N  _  M  w  © 


«  k  U  0  fl  MW  erf  a  p 

^asi  :i: 

u  u  <u  ao  m  m  •  xi  f-i  ja  ■<  a 


•H  43  «  u 

H  HO  »'  3  0 

iH  3  3  3 

XI  O  3  XI 

3  H  XI  fl  O 

43  3  3  x* 
w  «  3  a 

i  -o  a  « 

3  u  «t  h  o 

&8 &8  J 

u  v  ©  oo  m 

a  *h  oo  © 

^  2  ^  ^  S* 

WOH-W  « 

41  D  O  '0 

k  k  CJ  U  00 

fl  3  fl 

UH  y  o<k 

SC  >> 

CU  e  4-4 

4)  k  y  o  'H 

X  4)  4J  k  H 

4J  H  U  4-4  fl 

O  fl  3 

r(  k  k  tr 

oo  o  © 

fl  >»  4-4  4L»  M 

fl  fl  <u 
at  ;*.  ©  fl 

S  73  H  U 

3  fl  -H  o  o 

oo  fl  g  u 

4)  k  y  4)  o 

fl  fl  M  C» 

m  3  o  fl  fl 

0  a  ©  o 

'O  k  AH  •H 
©  *H  O  M  U 
fl  P  ©  *H 
W  M  fl  fl 

*H  O  fl  K  fl 

h  4i  ©  g 
g<  x  3  0 

0  T3  P->  <fl 

O  H  *H  U 

U  J  >  Ufi 

O  3  O  OS  XJ 

fl)  C  H  3  -H 

«i  o.  -a  i* 

4)  xi  a 

i  XD'Hrt 

4)  r-j  4) 

■a  3  43  B 

H  H  O  u  3 

3  O  5  -rl  O 

S«M  3  CO 
»  M 

B  -H  H  41 
3  M  42  4)  a 

S2H  g  „ 

a»  co  o  o 

U  H  •  00  4-4 

fl  00  u  u 
•H  41  fl  fl)  4)  W 


©  o 

If- 3* 

ll  I- s 

3(0  Q  4y  M 
M  W  O  fl 
O  w  k  O 
01  © 

J*  ©  Ou  o  u 


o  ®  td 
4i  a  m 
o  © 

>>  *H  Q* 
■w  -U  O 
•H  (0 

HH  4) 
•H  rH  T3  : 
fl  <0  fl 

SH  M 

8°- 

U  •rf  «l  r 

M  <30 
3  M  3 

*  o  » 
o- 

3  CD  M 
■3  O 
4.  S  <M  i 

o  3  i 

*"  I  g  1 

>i  5  )i  i 
u  u  to 
•H  O  1 

§>>  u  ' 

xi  a  i 

XI  -H 

818 
O.  §  iH  C 
•  0  3  C 

O  O  <0  « 
O  4)  C 

a  m 

fl)  4)  00  I 
,  X!  O  4 
CD  XI  M  I 
■3  (X 
•H  ►.  I 

!>  jo  M  i 

O  4) 

M  -O  0)  r 

a  a)  m  i 
!>i  3  I 
■3  o  y  i 


iH  iH  rH 

3  3 

xl  M  CM 

4)  o 

3  44  U 


X4  3  0.-3  3 

<xi  0  1-10 

O  N  3  '3  >  M 

O  O  B  O  3 

8  S  §  19  8.8' 

3  60  O  - 
0  3  B  Ps  O  rH 

X*  B  M  5  3 

■H  M  3  3  r-t  B 

3  0  xi  3  C 


^g-^SS-xi 
o  o  s  to  ©  h  ©  u  >  ©  to 


g  ?>  g 
B  k  Q- 
M  O 
H  fl  H 
flu© 

M  CD  © 
©  ©  73 
H  © 

fl  >>  M 
HO© 
rH  © 
©  Pu  M 

■fl  0  fl 
H  ©  U 


xf  a  © 
©OH 
OQ  CO  fl 
00  k  H 
fl  © 
u  a  © 
w  fl 
•H  73  H 
73  © 

U  H 
W  fl  © 
*H  ©  fl 
•H  H 
fl  M  *H 
U  ©  © 
*H  Q. 


c/>  ?►» 
o  fl  H 
■3  i-l  S 

3  xi  u 

Sri  h 
a  3 


ou  w  n 

©  fl  © 

:  i  s 
ss'- 

0  3© 
^  m  a 

M  I 
©  u 

fl  H  O 
4J  fl  VH 

a  E  3 

-H  3  CX 


>\  3 

£  3  3 
rt  rl  M 

•h  a.  a 

i  o  2 

B  W  3 

&&S 

0  3  *B 
XI  3  » 
3  3 
•3  3  H 
BOO 

S3  i-l 

a  y 

3 

■3  B  H 
3  3  H 


3  60  X 
H  O  00 
3  i-l  O 
O  M 

»  o  a. 

6  g.  M 
3  0  3 
M  3  3 
DO  M 

0  3  3 
M  3  U 
0.1-1 

g  £  I  * 

H  >  M  3 
3  i-l  iH  B 
XI  XI  O 
B  O  3  iH 
■H  3  g  XJ 

3-333 

43  b  y  O 

XI  3  B  a 

i-< 

M3  B 
O  >3  1X4  5 
1X4  S  O  1-1 


rH  O  1-t  r-l 
3  O  4J  3 
3  3  xi 

1  §5  S 

fl  O  M  -H 
*H  4J 

*8 

tl  >'S  3 

3  3  X4  -3 
rH  43  B 
3  xi  3  3 

"  >-3  1 

8 

fl 

©  O*  ^ 
O  H  ©  H 
QD  -U  M  -H 
M  *H  73 
©  0  >*  Q 

D.fl  rH  fl 


O  *H  U 

§w 

fl 

©0-0  0 
fl  *H  rH  *H 
0  U  fl  H 

§  a  S8 

*»H  fl 
©  o  *a  i 

2  8  8  I 


3*8 
5  *3B  -S 

N 

fl  *H  fl 
•H  rH  fl  i 
•H 

©  H  4J 
H  fl  fl 
fl 

Ck  ©  M 
•H  fl  O 
O 

•H  >sW  I 
k  rH  p 

M  fl  S 
fl  o  o 
a  o  • 
T?  o  I 
o  rH  i 
H  fl  *  , 

o  © 

O  3H 

©  a 
M  fl  S 
•H  O  fl  . 
fl  *H  X 
cr  00  © 

©  -H 

M  >  M 

o  o 

©  M  44 

fl  a 

•  A 

•3  3  3 
rH  iH  B 
3  43  O 
O  H  ii 

*  2 

9*3  8- 

OSH 
U  H  * 
a  o  *h  . 

rH  4^ 

«  Ah  | 

fl  ©  2  « 
4J  I 
41  TJ 

S10  8 

vH  B  43 

X4  O 

3  iH  fi 
XI  14  iH 


0  0-3 
3  3 

3  M 
xi  d  3 
B  O  43 
3  v*  XI 
0  XI  3 
3  iH  4H 
DO  3  -3 

a  as 


O  73  H  XI 

2  1*3 

©  ©  fl.  O 
ft  k  W  J 


SPATORY  REFERRAL  PROCESS  FOR 
yriOKAL  OPPORTUNITY  -  PROPOSED 
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Under  the  provisions  of  the  regulation,  supervisors  who  experience  vacancies  in 
identified  amunltion  positions  will,  as  a  ninlnua,  consider  each  vacancy  for  fill 
under  the  provisions  of  the  regulation. 


_ _ CERTIFICATION  TR&lflUfc  _ 

SPECIAL  TECHNICAL  Technical  Ammunition  Tech  Toxic  Chemical 

AMMUNITION  COURSE  Ammunition  Maintenance  Tech  Trans  Hazardous  Matl 

Ammunition  Demilitarization 


sa 

22 


w 


ft. 


Hi 


4J 


Q» 

00 

If 

pH  O 

If  s 

h 


M 

a 


s 

s 


4) 
<0  00 

£  S 
JSJi 

H  44 

^  ° 

Z  U 

3 


<U 

42 


M 

01 

cx 

GO 

CO 


a  co  h 
•H  <y  CD 
H  CD  >> 
P.  M  w 

a  s 
o  w 
a 


a 

s 


44  D 

CO  cO  42 

a  3  “ 
•  as 

43  44 

44  M  pH 

01  ol 
co  u  G 
*h  a 

a  *3  « 

o  «  «i 

111  a 

M  61 

ST3 
"O  *d 


1570 


W6  dW  HtO« 


o  • 

3) 

h  g  « 

H  O  > 


•H  (fl 

a  u 

*» 

i*H 

2  o 

0) 

i  <x 

S 

«  a) 

0 

M 

CD 

m  a 

M 

o  ai 

0* 

(U 

f 


o 


PQ 


H  U 


rH 

H 

5 


1 


u 

to 

o 

M 

Cu 

u 

Q) 

0) 

M 

flJ 

O 


13  3 

D.t4 


O'  -r4 


r-1 

2 


i 

! 


1578 


o 


PROGRAM  9  PROGRAM 


PSYCHOLOGICAL  STRESS 


IN  THE 

ORnttNCE  INDUSTRY 


All  paper  represents  preliminary  \nHiroh  that  ittMpu  to  analyse 
the  mum  and  efface  of  psychological  at  ran  a  £a  the  ordnance  In¬ 
due  try,  Each  type  of  Induatry  baa  particular  type*  of  technological 
and  organisational  environments  which  produces  varying  types  of 
atraoaora  which  will  cause  different  degreee  of  psychological  stress 
among  Its  employees.  Has  type  of  job  that  an  employee  is  doing  will 
have  a  direct  Impact  upon  him,  positively  or  negatively,  psycholog¬ 
ically. 

In  addition  to  the  stressors  that  exlat  In  almost  every  industrial 
environment,  ordnance  factories  have  an  additional  straaaor,  the 
high  hacard  lnharant  Che  nature  of  their  business.  Has  manufacture 
of  ordnance  requires  a  more  disciplined  work  force,  far  more  strin¬ 
gent  safety  programs,  end  more  comprehensive  training  procedures 
than  are  found  in  most  other  Industries. 


Jobs  on  operating  lines  that  require  employees  to  be  exposed  to  re¬ 
active  material  expose  the  employee  to  a  stressful  situation  that  an 
employee  has  to  confront  early  in  his  career.  In  instances  where 
employees  do  not  confront,  and  cope,  with  the  high  risk  factor  of 
their  Jobs,  psychological  stress  takes  a  strong  toll  on  the  employee 


frequently  leading  to  antl-aoclal  behavior  and  unsafe  work  acts. 


"~-^pThe  authOr' VSews  psychological  stress  as  a  critical  factor  In  the 
ordnance  Induatry  and  one  which  has  tremendous  Implications  for  the 
safety  of  employees  — — Safety  professionals  will  do  wall  to  study 


stress  and  apply  the  lrNflnd  Inga  to  the  ordnance  Induatry. 
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So  ouch  of  the  preliminary  rasaarch  Into  tha  subject  of  stress  has 
boon  carried  out  by  Doctor  Bono  8s lye,  that  It  Is  neosssary  to  bo- 
gin  chic  analysis  by  rafSrrlng  to  his  rssoarch  In  ths  aroa  of  s crocs 
"Strooo",  according  to  Bans  Selye,  ’“nay  b«  doflnod  quite  simply  In 
Its  nodical  sanso  as  "ossantlally  ths  rat*  of  osar  and  tsar  In  the 
body."*1  Ths  offsets  of  stress  may  bo  aevera  onotlonal  or  physical 
problems  and  soowtlams  both.  Recent  rssoarch  has  indicated  that 
stross  la  an  active  ingredient  and  an  Indirect  cause  of  many  of  the 
moot  prevalent  diseases  In  our  society. 

The  cause  of  stress  In  men  is  ths  result  of  ths  effect  of  ths  envi¬ 
ronment,  or  aspects  of  the  environment,  upon  him.  those  aspects  of 
Che  environment  which  may  cause  stress — noise,  light  intensity, 
pollution,  etc.,— we  call  stressors.  Unfortunately  for  man,  we 
tend  to  respond  to  all  types  of  stressors  In  much  the  same  way, 
with  varying  degrees  of  Intensity  and  duration.  Man  responds  phys¬ 
iologically  to  crisis  situations  with  the  flight  or  fight  responee. 
The  flight  or  fight  response  occurs  In  people  when  they  "feel"  they 
are  in  physical  or  mortal  danger.  The  production  of  street  hormones 
Is  Increased,  the  pupils  of  the  eyes  dilate,  and  the  blood  pressure 
increaees;  non-essential  bodily  activities  slow  down  and  bodily 
energy  is  transferred  so  that  ths  body  is  prepared  to  save  itself; 
ths  sympathetic  nervous  system  increases  Its  activity;  and  the  para¬ 
sympathetic  nervous  system  decreases  activity. 

This  same  response  can  be  elicited  In  own  not  only  from  fesr  or  pbys« 


leal  d«B|tr,  but  from  psychological  throats  as  nail.  Wot  Instance, 
a  person  aay  not  ha  in  any  real  danger  from  having  a  chaok  returned 
for  insufficient  (uadi,  but  it  msy  rasult  in  hia  Immediate  phyel- 
o log leal  response  occurring  in  tha  aataa  way  that  ha  would  respond 
to  a  physical  throat  fron  a  robber.  Harold  G.  Holff  obaarvad : 

"The  stress  occurring  from  a  situation  is  based  in  largo 
part  on  tha  way  tha  affected  subject  perceives  it*  per¬ 
ception  depends  upon  a  multiplicity  of  factors  including 
the  genetic  equipment,  basic  individual  needs  and  long¬ 
ings,  earlier  conditioning  influences,  and  a  host  of  life 
experiences  and  cultural  pressures.  Mo  one  of  these  can 
be  singled  out  for  exclusive  euphasls.  The  cannon  denom¬ 
inator  of  stress  disorders  is  reaction  to  circumstances 
of  threatening  significance  to  the  organism. 

All  of  this  results  from  what  Hana  Salye  calls  The  General  Adaptation 
Syndrome  (G.A.S.).  As  already  indicated,  tha  body  Increased  its  supply 
of  hormones  in  order  to  be  ready  for  action  due  to  stress.  Stress 
results  in  the  body  activating  the  pltultary-adrenal-cortlcal  system 
to  increase  its  output  of  hormones.  The  result  is  the  response  of 
The  General  Adaptation  Syndroms  which  occurs  in  three  stages.  Alarm 
stage:  evidenced  by  signs  of  confusion,  disorientation  or  distor¬ 
tion  of  raality.  Resistance  stages:  signs  of  fatigue,  anxiety, 
tenseness  or  extrema  Irritability.  Exhaustion  stage:  that  Is  the 
point  of  no  return,  apathy  and  emotional  withdrawal  set  In.  The 
General  Adaptation  Syndrome  cannot,  of  course,  be  observed.2 

"Stress,"  according  to  Sslys,  "is  not  merely  nervous  tension."*  Sslya 
goes  on  to  ssy  Chat  stress  is  the  "non-specific  rasponsc  of  the  body 
to  eny  demand  mads  upon  it.-5  By  non-apeciflc  Selye  means  that  stress 
acts  upon  the  homeostatic  balancing  forces  within  the  body,  which  ro- 


quires  th*>  body  to  respond  to  stimuli  in  «  pre-set  manner,  irreepec- 
tivo  of  what  that  problem  my  ba  that  Initiator  the  stimuli.  Bane*, 
whereas  on*  my  appoar  to  have  aceaptad  a  given  altuatlon  extraneously, 
Internally  his  body  my  mil  ba  undergoing  considerable  reactive  phys¬ 
iological  activity  to  cope  with  pahychological  stressors  acting  upon 
the  body.  Selye  feels  that  It  la  important  to  make  a  distinction 
between  stress  and  distress.  Distress  Is  always  unpleasant,  but  the 
general  concept  of  stress  as  seen  by  Selye  Includes  such  pleasant 
experiences  as  joy.  fulfillment  and  eelf-expraaalon.  Salye  feels 
that  "complete  freedom  from  stress  la  death... stress  can  be  asso¬ 
ciated  with  pleasant  or  unpleasant  experience... pleasant  as  well  ee 
unpleasant  emotional  arousal  la  accompanied  by  an  increased  physi¬ 
ological  stress  but  not  necessarily  distress."6 

Essentially  the  body  processes  are  homeostatic,  the  Immediate  example 
la  being  that  the  body  functions  to  mictaln  an  Internal  temperature 
of  98.6  degrees.  Attempts  of  tha  body  to  treat  straas  have  tlielr 
biological  mechanics t Iona .  According  to  Selya,  "All  agents  to  which 
we  are  exposed  also  produce  a  non-* pacific  Increase  in  the  need  to 
perform  adaptive  functions  and  thereby  to  reestablish  norm Icy.  This 
is  independent  of  the  specific  activity  that  caused  the  rise  in  re¬ 
quirements.  The  non-specific  demand  for  activity  as  such  Is  the 
essence  of  stress."7  For  Selye  "it  Is  inmmterial  whether  the  agent 
or  altuatlon  la  pleasant  or  unpleasant;  ell  that  counts  Is  the  In¬ 
tensity  of  the  demand  for  readjustment  or  adaptation."6 

However,  accepting  Selye 's  concept  a*  our  base,  we  can  turn  to  oberv- 


log  the  ramifications  of  th«  G.A.S.  by  utilising  the  nodal  for  stress 
•at  forth  by  the  National  Institute  of  Occupational  Safety  and  Health 
(haraaftar  abbreviated  aa  NIOSH).  NIOSH  ha*  msds  a  dietinction  be¬ 
tween  atreaa  and  strain  in  developing  a  theory  of  work  induced 
stress.  Stress  is  defined  by  NIOSH  as  "...characteristic  of  the 
environment  which  posse  a  threat  to  the  individual"  and  strain  as 
"any  deviation  from  normal  responses  in  the  person  either  psycho¬ 
logical,  physiological,  or  behavioral."^  Psychological  deviation 
can  take  the  form  of  job  dlasstls faction,  anxiety,  low  self  esteem, 
etc.  Physiological  responses  would  Include  such  things  as  high 

i 

blood  pressure  or  elevate  serum  cholesterol  count.  Behavioral  symp¬ 
toms  are  indicated  by  such  examples  as  smoking  or  dispensary  visits. 
Expressed  differently,  stress  refers  to  the  property  of  the  environ¬ 
ment,  strain  is  the  effective  reaction  of  the  individual  to  it. 
the  distinction  between  stress  and  strain  is  a  logical  one  and  will 
be  followed  throughout  this  paper  except  where  common  usage  or  pre¬ 
ference  of  a  quoted  authority  may  make  such  a  distinction  confusing 
or  superflouous.  Stress  will  be  seen  as  a  precuraor  to  strain. 

Strasa  can  be  combatted  organizationally  and  environmentally.  Strain 
requires  medical  or  psychological  counseling  service  to  correct. 


JOB  STBBS3 


The  work  place  haa  the  potential  for  creating  a  high  a trees  environment c 
The  Individual  has  to  adjust  to  an  organisational  environment  In  order 
to  keep  e  job.  Lofqulat  and  Davla  have  concluded  tb^t,  "Work  repre¬ 
sents  a  major  environment  to  which  moat  individuals  mist  relate.... 
each  individual  seeks  to  achieve  and  maintain  correspondence  with  his 
environment «... correspondence  can  be  described  in  terms  of  the  individ¬ 
ual  fulfilling  the  requirements  of  the  work  environment,  end  the  work 
environment  fulfilling  the  requirements  of  the  Individual* The 
process  of  adjustment  la  negatively  or  positively  influenced  by  the 
stressors  in  the  environment. 

Various  types  of  work  expose  the  employee  to  different  degrees  of  stress. 
It  is  accepted  that  police  officers  and  firefighters  are  employed  in  jobs 
that  have  very  high  stress  factors.  Insurance  carriers  ign  to  these 
two  jobs  a  high  risk  value  and  the  presumption  la  made  that  because  of 
the  high  streae  Involved  in  their  work,  firefighters  and  police  officers 
experience  an  unusually  high  incidence  of  heart  attacks.  In  other  words, 
different  organisation  create  different  stress  causing  conditions  by 
virtue  of  job  descriptions,  job  functions  and  interpersonal  relation¬ 
ships  on  the  job.  As  noted  by  Richard  S*  Lazarus: 

The  stress  reactions  appear  to  be  the  result  of  conditions 
that  disrupt  or  endanger  well  established  personal  and 
social  values  of  the  people  exposed  tc  them,  or,  in  the 
animal  world  physiological  survival  or  well-being.  The 
stimulus  conditions  are  therefore  identified  as  situations 
of  stress. H 

The  range  of  the  impact  of  jobs  on  the  individual  may  vary  greatly,  but 
literature  on  the  subject  In  general  establishes  the  feet  that  few  jobs. 


If  Any  cad  b#  considered  fra#  from  stress  carrying  conditions 


Thin  paper  la  baaed  upon  preliminary  research  that  attempts  to  re¬ 
late  two  araaa  of  inquiry  into  ona  subject  for  analysis:  stress  on 
the  job  and  unsafe  work  acts  in  the  ordnanco  factory*  ttasafa  work 
acta  arc  viewed  from  the  vantage  point  of  job  stress*  Such  an  ap¬ 
proach  Is  substantiated  by  the  findings  of  Morris  b.  Schulslnger 
who  analysed  27,000  Industrial  accidents  and  concluded  that: 


"Clinical  experience  suggests  that  in  the  course  of  a 
life  apan  almost  any  Individual  under  emotional  strain 
or  conflict  may  become  temporarily  "accident-prone"  and 
suffer  from  a  series  of  accidents  In  fairly  rapid  suc¬ 
cession.  Most  persona,  however,  find  solutions  to  their 
problems,  develop  defenses  against  their  emotional  con¬ 
flicts,  and  drop  out  of  the  highly  accident-prone  group 
after  a  few  hours,  days,  weeks,  or  months. "I* 


GROUP  STUBBS 


The  group  process  within  lt«  internal  and  external  parameter*  la  a 
kay  source  of  across  among  employees  of  an  organisation,  Departmental 
structure,  rulaa  and  regulations  have  their  inpact.  Research  carried 
out  by  Robert  R.  Blake  aiibatantiataa  this.  Blake  concluded  from  hla 
research  that: 


Hierarchical  system  of  organisation  predispose  against 
long  term  continuity  of  good  teawrork. . . .The  bealc  reali¬ 
ties  of  organisational  life  cannot  help  but  stimulate  com¬ 
petitive  feelings,  invidious  comparisons,  jealousies  and 
antagonisms... .personal  safety  considerations  predominate 
because  of  peer  competition,  mutual  understanding  end  team¬ 
work  are  at  stake  and  often  sacrificed. ” 


At  the  heart  of  these  antagonisms  is  trust.  Trust,  according  to 
Robert  T.  Golambievaki,  "implies  reliance  on,  or  confidence  in,  some 
event,  process  or  person."^  chrie  Argyrls  observes  that: 


Effectiveness,  consistency,  congruence  and  competence  are 
central  to  life.... associated  with  behaving  effectively 
ax.  a  such  factors  as  the  need  for  behaving  competently,  the 
compelllngneas  of  real  taka,  the  involving  quality  of  prob¬ 
lem-solving,  and  the  exhlleratlag,  exhausting  quality  cf 
membership  in  hard  working  groups  that  accomplish  difficult 
but  reachable  goals, 


Trust  remains  the  basis  for  these  activities.  Just  as  "....there  is 
no  single  variable  which  so  Influences  interpersonal  behavior  as  does 
trust,  on  this  point  ancient  and  modern  observers  typically  agree. 
There  is  within  the  group  a  connection  between  competence,  trust  and 
the  capacity  of  the  group  to  achieve  its  goals  free  of  stress.  Trust, 
competence  and  stress  have  their  Interplay.  It  is  generally  accepted 
that  "...increased  personal  competence  may  increase  the  probability  of 
a  successful  group  experience,"’7  so  trust  increased  competence. 
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According  to  Golemblewski ? 

Trust  imm  to  sot  as  ona  of  the  fundamental  building 
blocks  upon  which  moat  huata  Intsrsctlon  Is  built. 

For  example;  all  of  thsaa  critical  factors  scan  re¬ 
lated  to  It:  ability  to  learn,  to  cownualcats,  to 
cooperate,  to  gat  along  wall  with  others,  to  estab¬ 
lish  friendships  and  to  Inspire  the  confidence  of  one's 

pears. 18 

Role  playing  is  the  basis  for  analysis  of  individual  activity  within 
a  group.  In  daveloptng  their  nodal  of  organisational  stress,  Khan, 
Wolfe,  Quinn,  Snoek  and  Koaenthal  oaw  the  Individual  ae  linked  to 
the  organisation  through  hie  activities,  which  they  dealgnete  ae 
the  individual's  role.  A  role  ia  established  when  an  individual 
carrlea  out  his  work  assignments,  which  they  aee  as  "a  unique  point 
in  organisational  space;  here  apace  is  defined  in  terms  of  a  struc¬ 
ture  of  Interrelated  offices  end  the  pattern  of  activities  associ¬ 
ated  with  them. "19  These  offices  "...locate  the  individual  in  the 
total  set  of  ongoing  relationships  and  behaviors  comprised  by  the 
organisation."20  Thia  view  la  supported  by  Tamotsu  Shlbutanl  who 
sees  roles  as  the  product  of  the  division  of  labor  which  represents 
a  "...prescribed  pattern  of  behavior  expected  of  a  person  in  a  given 
situation  by  virtue  of  his  position  in  the  transactlon--such  as  a 
father  in  a  family,  a  left- fielder  in  a  baseball  game  or  a  passenger 
in  a  bus."2*  Hence,  the  focal  point  for  analysis  in  the  group 
process  is  the  role  and  through  the  role  the  performance  of  the  in¬ 
dividual  actor.  The  Job  activity  then,  for  the  purposes  of  this 
analysis,  will  be  viewed  as  a  role,  "the  way  in  which  an  Individual 
is  canonically  supposed  to  be  seen  and  behave  as  part  of  the  organ¬ 
izational  structure. "22 
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Wilfred  Blon  b*a  contributed  soma  interesting  Insights  into  group 
behavior  which  will  be  appaalad  to  during  this  analysis,  blon  felt 
that  groups,  like  hunane,  go  through  •  series  of  enotlonal  states. 

A  healthy  group  la  a  work  group,  that  la,  a  group  that  la  easting 
to  do  something  and  wbsn  mat  la  actlvoly  sacking  wans  to  anoonpllsh 
s Ota* thing.  Groups  that  ars  not  productive  aesune  enotlonal  statea 
that  are  non-productive  and  ara  designated  by  Blon  aa  being  In  de¬ 
pendency,  pairing,  or  fight- flight  enotlonal  states.  These  group 
characteristics  are: 

....dependency  (when  group  nsnbers  seem  to  be  dependent 
on  the  leader  or  some  external  standard  for  direction), 
pairing  (when  group  members  turn  to  each  other  in  pairs 
for  more  intimate  emotional  response),  and  fight-flight 
(when  group  members  act  aa  if  their  purpose  is  to  avoid 
some  threat  by  fighting  or  running  away  from  it) .  * 

According  to  Blon,  "...the  group  la  met  In  order  to  be  sustained  by 
a  leader  on  whom  It  depends  for  nourishment,  material  and  spiritual, 
and  protection."2^  Pairing  group  assumption  occurs  when  members  of 
the  group  cannot  depend  on  <j  leader  and  cannot  agree  to  work  produc¬ 
tively  together.  Indi rldual  members  in  the  group  will  pair  off  to¬ 
gether  for  aolace,  companionship,  amusement,  and  to  pass  time  through 
small  talk,  etc.  A  fight-flight  emotional  group  state  occurs  when 
the  group  is  ready  to  fight  or  fly  away  from  something.  These  emo¬ 
tional  states  are  rarely,  if  ever,  permanent,  "The  ongoing  process 
of  a  group  can  be  described  in  terms  of  successive  shifts  from  one 
of  these  work-emotlonallty  states  or  cultures  to  another."  Accord¬ 
ing  to  Blon: 


....baaic  aaauMption  activity  mini  no  damnda  on  the 
individual  for  capacity  to  cooparata  but  da panda  on  tbs 
individual 'a  pcaaoaatoo  of  what  I  oall  a  valaocy— a 
tana  X  borrow  fron  tho  phyaiclata  to  axpraaa  a  capacity 
far  lnatantaoaoMM  involuntary  combination  of  ana  indivi¬ 
dual  with  anotbar  for  a haring  and  acting  on  a  baaic  aaauap 
tloe.  . . . . though  tba  work  group  function  any  ram in  un¬ 
it  l  tarad  tfca  taaporary  baaic  aaauoptlon  that  parvadaa  its 
actlvitiaa  can  ba  changing  frequently;  chare  my  ba  tiro 
or  ehrao  changaa  in  an  hour  or  tho  jam  baaic  aaauoptlon 
my  ba  doadLnant  for  aontha  on  and.*® 


conflict  and  ambiguity  a earn  rather  to  ba  emergency  prob- 
lm ,  arising  from  the  damand  for  successful  conformity 
under  conditions  of  ceaseless  and  accelerating  change. 

To  the  costly  Ideology  of  bureaucratic  conformity  Is  added 
the  Irony  of  conflicting  and  ambiguous  directions.... con¬ 
ditions  of  conflict  and  ambiguity,  therefore,  are  not  mere¬ 
ly  Irritations:  In  persistent  and  extreme  forms  they  are 
Identity  destroying.2' 


For  the  purpose  of  this  analysis,  considerable  effort  has  been  made 
In  examining  observations  of  group  behavior  which  Indicate  role  con¬ 
flict  and  ambiguity.  Price  and  Levinson  concluded  that: 


"people's  perception  of  the  organisation  and  their  rela¬ 
tionship  to  it  are  of  far  greater  significance  for  men¬ 
tal  health  than  prior  research  indicated.2** 


Certainly  the  group  experience  demonatratee  that  how  members  perceive 
the  orgelsatlon  they  work  for,  end  how  they  respond  to  that  percep¬ 
tion,  has  considerable  potential  for  developing  stress  among  Indi¬ 
viduals.  Price  and  Levinson  see  stress  arising  from  three  basic 
coucerns  with  the  work  situation:  1)  concern  with  their  dependence 
upon  the  organisation  end  the  fear  of  potential  layoff;  2)  psycho¬ 
logical  distance — needing  to  remain  Individuals  despite  their  de¬ 
pendence  on  the  organisation;  and  3)  coping  with  change  within  the 
organisation,  whether  favorable  or  unfavorable,  which  requires  ad¬ 
justment  from  the  employee.  Price  end  Lefquiet  saw  similar  relation- 


•hip*  «k«a.  ebay  developed  their  theory  of  work  adjustment.  The 
theory  of  work  adjustment  aaeunees 


"that  enoh  Individual  seeks  to  Mhhfi  end  Mint* in 
eorreopondence  with  his  environment. . .  .correspondence 
can  be  dseoaclbnd  In  tone  of  the  Individual  fulfilling 
the  roqulma ante  of  the  work  eaviroosMnt,  end  the  work 
environment  fulfilling  the  gsguirenents  of  the  Indivi¬ 
dual. "» 


Yet,  unfortunately,  each  correspondence  does  not  occur.  With  few 
notable  exceptions,  organisations  have  defined  goals  which  the  hunsns 
who  belong  to  the  organisation  asiat  neat,  and  organisational  needs 
always  taka  precedence  over  hiewm  needs  fulfillment. 


8IM583  IB  THB  SmUOL  ^CI»Y  MiflMBg 


Psopla  fad  to  avoid  fear  -  ths  faar  of  physical  ham  fro*  working 
in  a  hasardoua  environment.  Although  a  fOw  "macho",  danger  ae*k- 
log  types,  way  thrill  at  balng  exposed  to  hazards,  tha  graat  Major¬ 
ity  of  people  do  not  enjoy  working  in  hasardoua  environments,  By 
any  da f Ini t ion,  working  In  an  ordnance  factory  la  considered  a 
hasardoua  occupation. 

A  close  examination  of  employment  appllcatlona  over  a  three  year 
period  at  a  ordnance  manufacturer  in  Southern  California  Indicates 
that  leas  than  15%  of  the  applicants  realised  the  nature  of  the 
products  being  manufactured,  60%  were  aware  that  the  compauy  manu¬ 
factured  "some  type  of  explosive"  but  had  almoat  no  comprehension 
of  what  was  Involved  In  the  manufacturing  procesa,  and  the  remain¬ 
ing  45%  of  the  applicants  were  simply  looking  for  work  snd,  as 
applicants,  had  no  Idas  of  the  type  of  work  that  they  would  be  per¬ 
forming.  These  percentages  are  Interesting  because  they  indicate, 
at  least  In  this  select  Instance,  that  large  numbers  of  employees 
were  applying  for  jobs  with  no  Ides  of  the  potential  hazard  within 
the  work  place.  Of  all  che  employees  hired  during  this  period  75% 
were  Ignorant  of  whet  goes  on  Inside  of  a  ordnance  factory.  Their 
first  real  exposure  to  the  ordnance  manufacturing  environment  was 
during  the  safety  Indoctrination  where  the  plant  safety  staff  made 
a  calculated  effort  to  Increase  their  hazard  awareness. 

Employees  tended  to  divide  almost  equally  Into  thres  groups  during 
safety  indoctrinations : 
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u  n,i.  .  i 


1.  Thou*  who  asked  nothing  and  displayed  no  interest 
In  acquiring  any  product  knowledge  or  information 
on  hiurdi; 

2.  Those  who  seemingly  displayed  an  interact  but  aak> 
ad  no  questions,  and} 

3.  Those  who  actively  listened  and  did  ack  questions. 
Trainees  in  the  group  three  category  were  a  distinct  Minority.  It 
ia  interesting  that  it  was  only  rarely  thet  a  now  enployee  would 
quit  following  a  safety  indoctrination,  whereas  teeny  new  oaployees 
would  quit  in  only  a  few  days  following  their  assignment  to  one  of 
the  operating  lines. 


We  found  thet  the  key  ingredient  in  employee  conqwny  service  was 
proper  supervision.  Adequate  indoctrination  by  the  supervisor. 
During  Interviews  with  new  employees  we  found  that  on-the-job-train¬ 
ing  for  new  employeea  in  which  a  strong  safety  indoctrination  was 
undertaken  increased  the  employees  sense  of  security.  The  more 
complete  the  on-the-job-treining  and  safety  indoctrination  the  leas 
stress  the  employee  waa  exposed  to.  However,  where  employeea  were 
not  properly  indoctrinated  they  frequently  gave  strong  evidence  of 
stress  and  the  formation  of  psychological  defense  mechanisms  to  al¬ 
leviate  that  stress. 

New  employeea  in  any  organisation  want  and  need  to  feel  secure. 

Such  security  only  cornea  when  the  manufacturing  environment  appears 
to  be  well  ordered  and  thare  la  a  sense  that  everyone  knows  what 
they  are  doing  and  why  they  are  doing  it.  The  key  faci.*>r,  however, 
is  that  the  employees  have,  as  a  group,  a  supervisor  who  tley  can 
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depend  upon  for  leadership.  Adequate  leadership  uioru  that  tha 
member*  of  tha  group  work  productively.  Tha  absence  of  taadsr- 
ahlp  Impacts  productivity  negatively  and  laada  to  atraaa  arising 
from  Insecurity,  in  an  ordnance  Manufacturing  environment  thla 
bacoMia  a  critical  factor.  Employees  working  on  a  Manufacturing 
line  with  extremely  poor  auparvlalon  all  indicated  a  senae  of 
streea  which  led  then  to  seek  out  Individual  enployeaa  to  provide 
then  with  moral  support.  A  close  scrutiny  of  their  behavior  In¬ 
dicates  that  In  an  attenpt  to  escape  the  stress  of  "uncertain" 
leadership,  they  tended  to  pair  off  in  the  manner  described  by 
Wilfred  Blon  earlier  in  thla  paper.  In  thla  instance,  whan' ade¬ 
quate  auparvlalon  waa  not  extended  to  the  line,  where  these  same 
thirty  employees  were  working,  they  progressed  to  the  fight-flight 
emotional  stress  described  by  Blon.  Employees  began  to  have  a 
high  number  of  disputes,  displayed  hostility  to  the  company, 
especially  management,  and  large  numbers  quite  rather  than  to  con¬ 
tinue  to  work  in  that  environment.  During  the  same  time  the  re¬ 
cords  indicate  a  steady  increase  In  first  aid  cases  and  non- Injury 
accidents  in  which  company  property  was  damaged. 

Three  lines  where  flares,  rocket  motors,  and  squibs  were  manufac¬ 
tured  end  observed  for  a  period  of  ninety  days.  In  the  first  line 
the  supervisor  was  weak  and  partial  to  favoritism  and  capable  of 
breaking  his  commitments  to  enployees  at  his  leisure.  This  super¬ 
visor  went  through  the  motions  of  carrying  out  job  training  for  new 
employees  but  normally  let  older  employees  "break  the  new  employee 
In".  The  second  line  was  run  a  by  a  young,  well  qualified  super- 
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vlaer  who  ibowd  real  concern  for  Mployooa  and  uaoaily  kept  hla 
commitments  to  than.  Whan  ha  could  not  keep  hla  cr— it.  mint  ha 
always  explained  aa  bast  ha  could  why  ha  couldn't.  Re  was  quits 
•pacific  in  assuring  that  ha  orlantad  now  employees  to  thalr 
job  and  followed  up  to  aaaura  that  hla  foreman  wars  not  just  run¬ 
ning  employees  through  thalr  pacea.  On  tha  squib  line  there  waa 
an  oldar  supervisor  who  had  worked  her  way  up  through  the  ranks. 

She  waa  very  knowledgeable  in  the  how  to  of  tha  operations  under 
her  control  but  adopted  the  ”1*11  show  them  hew  to  do  it  once” 
stance  on  training.  Although  she  waa  quote  "grumpy1'  aha  waa  always 
consistent  in  treating  all  of  her  employees  alike. 

The  ninety  day  study  of  these  lines  produced  data  from  which  some 
very  Interesting  observations  could  be  made.  Employees  in  both 
the  squib  and  rocket  motor  lines  trusted  their  supervisor.  The 
degree  of  trust  varied.  On  the  rocket  motor  line  employees  fre¬ 
quently  brought  problems  Involving  Inter-employee  relationships  to 
their  supervisors  attention.  The  tendency  was  to  expose  quality 
errors  rather  than  hide  them.  Some  employees  were  disciplined  for 
making  "scrap”  but  moat  were  thanked  for  bringing  the  problem  to 
management  attention  so  that  corrective  action  could  be  taken.  A 
strong  bond  of  trust  existed  between  the  supervisor  and  his  employ¬ 
ees.  In  this  environment  of  trust  amployees  tended  to  work  well 
together.  Trust,  as  we  remember  from  our  references  to  Golemblewskl 
end  Argyrla  earlier.  Is  the  foundation  of  the  group.  Perhaps  the 
most  apparent  observation  was  the  lack  of  accidents  on  the  rocket 


aotor  lint,  Uhtn  accidents  did  occur  thty  were  usually  investigated 
thoroughly  by  the  supervisor  and,  when  safety  rules  wart  violated, 
progressive  disciplinary  action.  In  accordance  with  the  union  Con¬ 
tract  wat  taken.  Absenteeism  and  turnover  which  waa  a  major  prob¬ 
lem  when  the  supervisor  took  control  Initially  of  the  lint,  pro¬ 
gressed  downwards  throughout  hit  stay  in  hit  department.  All  em¬ 
ployees  had  a  clear  concept  of  what  their  role  waa  in  the  organisa¬ 
tion. 

The  flare  line  employees  almost  unanimously  expressed  disdain  for 
their  supervisor.  Inter-employee  conflict  arising  from  practical 
jokes,  absolutely  forbidden  on  explosive  lines.  In  one  instance, 
a  flat  fight.  Employees  expressed  a  lack  of  trust  in  their  super¬ 
visor  and  in  each  other.  Blon's  fight-flight  group  mode  was  in 
evidence.  Turnover  and  absenteeism  were  high.  Although  formal 
union  grievances  were  rare,  employees  frequently  complained  to  the 
Safety  Department  and  the  Personnel  Office  about  working  conditions. 
The  scrap  rate  was  high  and  employees  frequently  ran  bad  parts 
with  their  full  knowledge  because  they  "didn't  care".  First  aid 
cases  and  accidents  were  frequent  and  usually  the  result  of  absent 
mindedness.  The  key  factor  seems  to  have  been  almost  know  sense  of 
role  identity  relative  to  their  jobs.  They  knew  the  motions  of 
their  work,  nothing  more.  Individual  initiative  was  almost  non- 
existsnt.  Employees  avoldsd  having  dealings  with  their  supervisor 
whenever  possible. 
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The  squib  11m  mi  an  Interesting  cross  between  the  two  11m« 

Juat  Mentioned.  Employees  whan  naked  about  their  supervisor  uaed 
term  Ilka  "rune  a  tight  ship",  "grunpy",  "I  don't  Ilka  bar  but 
aha  knows  what  she's  doing",  etc.  The  turnover  rate  waa  high  be¬ 
cause  the  supervisor  often  terminated  probationary  employees  who 
didn't  learn  their  jo be  quickly.  But  absentee lam  waa  low  because 
disciplinary  action  for  absenteeism  was  quick  and  fair.  Accidents 
were  rare  es  were  first  aid  cases.  Employees  oftan  grumbled  about 
the  harshness  of  supervision  but  rarely  complained  about  Management 
as  a  whole.  Quality  Control  waa  "average"  within  the  plant  guide¬ 
lines.  Employees  while  not  always  totally  indoctrinated  Into  their 
Job  roles  were  supported  by  older  employees  who,  because  they  under¬ 
stood  and  respected.  If  not  liked  their  supervisors,  helped  out  new 
employees  when  they  needed  help  in  learning  their  jobs. 

The  conclusions  from  the  analysis  of  these  three  lines  was  clear: 

1.  Strong  supervisors  who  indoctrinated  their  employ¬ 
ees  and  provide  an  environment  of  trust  have  safer 
lines  with  a  high  degree  of  quality  of  work  per¬ 
formed. 

2.  Poor  job  training  leads  axioms t lea lly  to  role  con¬ 
fusion,  causing  employee  stress,  which  leads  to 
turnover,  absenteeism,  frequent  accidents  Involving 
property  damage,  and  frequent  first  aid  cases. 

3.  Strong  but  fair  supervision  is  superior  to  weak 
supervision. 

4.  Lack  of  trust  leads  to  stressful  working  conditions. 

1  believq  based  upon  Investigating  seventy  accidents  involving  employ 
ees  working  with  explosive  material,  that  a  pattern  of  contempt  devel 
ops  towards  explosives  among  employees.  Avoid  the  GAS  from  wearing 
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their  bodies  physiologically  when  they  are  exposed  to  exp lost vs a 
1%  the tr  work,  tbny  develop  *  psychological  defense  mechanism 
called  th*  procaaa  of  denial.  The  employ**  expos ad  to  tha  ha card 
at  first  goaa  through  the  procaaa  of  fear  leading  to  the  fight- 
flight  syndrom"  and  the  stages  of  stress  described  by  Seiye.  If 
the  employee  has  been  trained  and  Indoctrinated  In  the  proper 
handling  of  explosives  he/sha  takes  refuge  in  the  proper  proce¬ 
dures  as  a  means  to  sustain  his  security  needs.  The  longer  he/ahe 
works  with  materiel  the  greeter  the  sense  of  security.  Peycholog- 
lcelly  the  employee  follows  the  process  of  denial,  denying  that 
an  accident  can  happen.  The  process  of  denial  leade  to  a  growing 
contempt  for  the  product.  I  deny  that  the  explosive  can  hurt  me 
because  it  hasn't  in  the  past.  Progressive  denial  leads  to  a 
leas  and  lest  stress  until  the  employee,  at  least  consciously,  free 
of  stress  develops  an  attitude  of  total  security.  Knowing  safe  pro 
cedurea  he/she  then  begins  to  bypass  safety  procedures  because  of 
a  false  sense  of  security  that  nothing  can  happen.  It  la  the  old 
cliche,  familiarity  breeds  contempt. 


The  process  of  denial,  the  progress  growth  of  a  false  sense  of  sec¬ 
urity,  Is  a  key  cause  of  major  accidents  among  employees  working 
with  explosives.  A  secondary,  contributing  cause.  Is  poor  super¬ 
vision  which  Is  the  key  to  poor  job  training  and  new  employee  indoc¬ 
trination  which  lead  to  frequently  serious  accidents. 


Based  upon  this  preliminary  study  the  following  recommendations  are 


made  as  a  means  of  reducing  stress  among  ordnance  factory  employees: 
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1.  New  employee  Indoctrination*  should  consist  of 
two  parts.  The  employs#  should  be  t reined  by  the 
safety  staff  and  immediately  following  his/her 
assignment  to  tha  line  the-  employee  should  receive 
his/her  trsining  directly  from  his/her  supervisor 
to  begin  a  process  of  trust  building. 

2.  Any  training  conducted  for  employees  should  always 
be  signed  for  by  the  employee  on  a  formal  written 
form.  It  seems  to  be  a  sign  of  our  times  that 
signing  a  document  formalises  for  the  employee  and 
makes  him/her  accountable  for  the  contents  of  the 
training  program. 

3.  Supervisors  who  do  not  participate  in  training 
their  employees  and  who  cannot  understand  or  cope 
with  their  employees  human  needs  must  be  either 
retrained  or  ruthlessly  removed  from  their  posi¬ 
tion  iu  supervision.  In  essence  a  supervisor  who 
cannot  be  trained,  cannot  train. 

4.  Programs  and  procedures  on  any  explosive  line  should 
be  gone  over  thoroughly  with  new  employees  and  tkw  * - 
particular  work  procedures  and  safety  procedures 
posted  when  possible  at  their  work  station. 

5.  When  cccidenta  occur  and  upon  the  completion  of  the 
accident  investigation,  the  results  of  the  invest¬ 
igation  and  the  actions  taken  should  be  transmitted 
to  employees  throughout  the  plant.  Truot  is  pro¬ 
moted,  and  security  grows  when  employees  know  the 
who,  what,  which,  where,  when  and  how  of  accidents. 

6.  New  hire  safety  indoctrinations  should  be  given  to 
all  new  employees  at  whatever  level  in  the  company 
and  repeated  every  six  months. 
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REPORT  OF  THE  TASK  GROUP  ON  FEDERAL  AGENCY  EVALUATION 


I.  BACKGROUND 

Exocut 1v«  Order  1219*  directs  the  Secretary  of  Labor  to  Issue  «  set  of 
basic  program  elements  to  assist  Federal  agencies  in  carrying  out 
their  responsibilities  under  Section  19  of  the  Occupational  Safety  and 
Health  Act.  Section  19  Imposes  on  the  head  of  each  agency  the 
responsibility  to  "establish  and  maintain  an  effective  and  com¬ 
prehensive  occupational  safety  and  health  program  which  is  consistent 
with  the  standards  promulgated  under  Section  6".  Some  elements  of 
such  programs  are  given  In  29  CFR  I960.  Among  these  elements  are  the 
requirements  for  both  agency  self-evaluation  (29  CFR  1960.79)  and 
evaluation  of  agency  programs  by  the  Secretary  of  Labor  (29  CFR 
1960.80).  In  29  CFR  1960.80b,  it  is  required  that  the  Secretary 
develop  detailed  Information  on  how  the  Department  of  Labor  will 
conduct  Its  evaluations.  This  information  should  Include  but  is  not 
limited  to: 

(1)  The  program  elements  to  be  Included 

in  a  complete  and  extensive  evaluation 
of  an  agency's  occupational  safety  and 
health  program; 

(2)  The  methods  and  factors  used  to  determine 
the  effectiveness  of  each  element  of  an 
agency's  program; 

(3)  The  factors  used  to  define  "large"  or  "more 
hazardous"  Federal  agencies,  establishments 
or  operations; 

(4)  The  procedures  for  conducting  evaluations  Including 
field  visits  and  scheduled  inspections; 

(5)  The  reporting  format  for  agency  heads  to  use 
In  submitting  annual  summaries  of  their 
self-evaluation  program. 

It  was  the  charge  of  this  task  group  to  develop  the  detailed 
information  required  by  29  CFR  1960.80b.  As  a  starting  point,  the 
task  group  members  met  with  staff  members  from  the  Office  of  Federal 
Agency  Programs  to  learn  how  evaluations  had  been  done  in  the  past. 


In  the  past,  evaluations  wart  based  upon  ten  program  elements  defined 
as: 


1.  employee  involvement 

2.  executive  support  and  duties 

3.  occupational  safety  and  health  staff  and  functions 

4.  operating  management  and  supervisory  duties 

5.  occupational  safety  and  health  standards  adoption 

6.  occupational  safety  and  health  training  activities 

7.  inspection  and  hazard  training  activities 

8.  recordkeeping  and  reporting  procedures 

9.  promotional  and  interagency  activities 

10.  Intra-agency  evaluation  procedures.  [ 

In  reviewing  these  elements,  and  the  reports  of  evaluations  done 
using  these  elements  as  guidelines.  It  became  apparent  that  an  agency 
might  do  well  In  many  or  most  of  these  areas  and  still  not  have  an 
effective  program.  Some  of  these  elements  are  nve  critical  than 
others;  some  do  not  necessarily  contribute  to  program  effectiveness. 
On  the  other  hand,  there  are  aspects  of  an  effective  program  that  have 
not  been  explicitly  addressed  by  past  evaluations.  ^The  regulations 
published  at  29  CFR  i960  Include  the  basic  elements  of  an  effective  OSH 
program,  although  some  aspects  are  addressed  in  more  detail  than 
others.  Therefore,  this  report  describes  an  evaluation  approach  which 
Is  consistent  with  the  mandatory  program  elements  in  29  CFR  1960.  It 
Is  based  on  the  examination  and  analysis  of  the  agency's  total  occupa¬ 
tional  safety  and  health  program. 


Section  II  of  this  report  Is  entitled,  "The  Effective  Occupational 
Safety  and  Health  Program".  It  describes  how  the  task  group  thinks  an 
effective  occupational  safety  and  health  program  should  function 
and  what  Its  essential  components  should  be.  With  some  modification, 
this  section  could  be  Issued  to  agenc1es\to  describe  the  context 
In  which  OSHA  will  be  conducting  evaluation 

^.Section  III  of  the  report  describes  in  greater  detail  how  evaluations 
would  be  carried  out;  It  Includes  national  and  regional  office 
responsibilities  and  onsite  procedures  at  agency  headquarters  and  field 
estab11shments»~^Th1s  section  could  be  adapted  to  provide  agencies  with 
additional  information  on  the  OSHA  evaluation  program,  to  prepare 
Internal  operating  procedures,  and  to  develop  a  training  session  for 
OSHA  personnel  Involved  In  the  evaluation  process.  A  description  of 
the  role  of  the  annual  report  In  the  evaluation  is  included  In  Section 
III  also.  The  proposed  format  for  the  annual  report  could  be  expanded 
and  Issued  as  guidelines*  for  preparing  the  1981  annual  report  from  the 
agencies  to  OSHA.  \ 


II.  THE  EFFECTIVE  OCCUPATIONAL  SAFETY  AKO  HEALTH  PROgbW 
A.  Approach 

Every  agency  needs  an  effective  occupational  safety  and  health  program 
because  there  Is  virtually  no  workplace  that  Is  completely  hazard 
free.  Clearly,  the  potential  workpiece  hazards  faced  by  clerical 
workers  are  different  from  those  faced  by  shipyard  workers.  This 
difference  does  not  relieve  the  management  from  the  obligation  of 
minimizing  the  potential  for  Illness  or  Injury  for  either  group.  The 
difference  may  be  reflected,  however.  In  the  OSH  program  an  agency 
develops.  The  size  and  scope  of  an  OSH  program  may  depend  to  some 
extent  upon  the  size  of  the  agency  and  Its  the  geographical  distri¬ 
bution,  as  well  as  the  number  and  type  of  potential  hazards  Inherent 
In  its  operation. 

Whatever  Its  scope,  there  are  components  which  are  essential  to  every 
effective  OSH  program.  To  be  a  viable  program,  the  occupational  safety 
and  health  (OSH)  activities  of  an  agency  must  be  considered  a  program 
like  others  within  an  agency.  As  such.  It  must  have  executive  support, 
a  firm  commitment  from  the  administration.  Without  this  commitment  It 
Is  doubtful  that  a  program,  no  matter  how  well  conceived,  can  function. 

Given  that  there  Is  an  agency  commitment,  then  It  would  seem  that  the 
OSH  program  would  follow  the  usual  program  management  process  and 
evaluation  approaches  which  can  be  conceptualized  as  a  circular 
process  consisting  of: 

-  program  planning  which  encompasses  problem 
Identification,  and  goal  setting  and  designing 
program  strategies, 

-  program  .asp  lenient  at  ion, 

-  program  evaluation. 

This  model  of  the  program  management  process  suggests  that  program 
evaluation  may  produce  measures  of  program  Input,  output,  and  outcome; 
and  may  Indicate  significant  aspects  of  process  and  environ¬ 
ment.  It  may  also  provide  data  relevant  to  such  questions  as: 

What  Is  the  program  environment? 

What  is  the  program  attempting  to  do? 

What  effect  is  the  program  having? 

What  changes  should  be  made  In  the  program? 
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Therefore,  It  Is  suggested  that  the  foil**  basic  program  components  to 
be  evaluated  fall  In  the  areas  of  Administrative  Support,  Program 
Planning,  Program  Implementation,  and  Program  Evaluation.  The 
regulations  published  at  29  CPU  I960  Include  the  basic  elements  of  an 
effective  OSH  program,  although  some  program  components  arc  addressed 
In  more  detail  than  others.  All  are  Implicit  In  an  effective  OSH 
program,  which  1$  the  goal  of  29  CFR  1960.  (  Table  1  Illustrates  how 

the  program  elements  specified  In  29  CFR  1960  relate  tc  the  basic 
program  components  end  the  various  program  activities). 

It  Is  envisioned  that  the  framework  outlined  in  this  report  rill 
permit  the  flexibility  necessary  for  each  agency  to  tailor  Its  program 
to  Its  specific  OSH  probUms.  The  task  group  recommends  that  OSHA's 
evaluation  process  be  comprehensive,  but  allow  for  appropriate  agency 
differences  in  program  development  and  operation. 

8.  Administrative  Support 

gb' 

The  OSH  program  must  have  the  support  of  the  top  agency  administrator. 
Without  it,  the  program  will  be  unable  to  compete  with  other  programs 
for  resources  and  unable  to  obtain  the  cooperation  of  all  levels  of 
personnel  needed  to  succeed. 

This  support  Is  usually  evidenced  by  a  brief  policy  statement 
Indicating  the  administration's  endorsement  and  expectations  for 
the  program.  The  policy  statement  should; 

-  be  Issued  by  the  head  of  the  agency; 

-  formally  initiate  the  program  and 
Indicate  Its  purpose; 

•  list  the  major  program  elements  to  be 
undertaken  as  they  are  envisioned  at  the 
time  of  the  Issuance; 

>  emphasize  the  agency's  commitment  to  a  safe  and 
healthful  working  environment; 


*  (In  keeping  with  the  tenninology  used  ir  2£  CFR  I960,  the  top  agency 
administrator  will  be  referred  to  henceforth  as  the  Designated  Agency 
Safety  and  Health  Offlc-alor  OASHO). 
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-  charg«  all  levels  of  management  to  be  responsible 
and  accountable  for  the  program; 

•  require  the  cooperation  of  all  personnel; 

•  he  made  known  to  all  personnel; 

•  declare  the  Intent  of  the  head  of  the  agency 
to  Implement  the  program. 

The  form  of  the  written  policy  Is  less  Important  than  Its  clarity  and 
sincerity.  The  existence  of  such  a  policy  statement,  however.  Is  not 
sufficient  evidence  of  administrative  support.  There  should  be 
collateral  evidence  of  the  sincerity  of  the  Intent  such  as: 

•  the  placement  of  the  OSH  program  within  the 
agency's  administrative  structure; 

-  the  place  of  the  Designated  Agency  Safety  and 
Health  Off 1clai( DASHO;  In  the  administration. 

An  OSH  program  crosses  all  organizational  areas;  hence.  It  could 
conflict  with  other  program  priorities.  The  potential  for  conflict 
can  bs  lessened  by  setting  up  an  Independent  office  reporting  directly 
to  a  top  level  official.  The  program  should  also  be  clearly 
Identified  In  the  organizational  chart. 

The  DASHO  should  be  one  of  the  top  administrators  of  the  agency, 
preferably  an  assistant  secretary.  NIs  responsibilities  should 
Include: 

-  advising  the  agency  head  on  OSH  matters; 

-  being  the  program  advocate  In  budget  formulation; 

-  overseeing  the  person  directly  responsible 
for  the  conduct  of  the  agency's  program. 

To  carry  out  these  responsibilities,  the  DASHO  must  have  a  sincere 
commitment  to  OSH.  This  is  evidenced  by  participation  in  OSH  training. 
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Further  evidence  of  the  sincerity  and  level  of  comeltaent  of  the 
agency  can  be  manifested  by: 

-  The  OSH  program  director  reporting  or  having 
access  to  the  DAS HO; 

-  The  program  director  being  experienced  In  the 
field  of  occupational  safety  and  health;  (The 
level  of  education  and  amount  of  experience  needed 
will  vary  with  the  size  of  the  organization  and 
hazardousness  of  the  workplace  monitored.) 

•  Having  budgets  and  position  allocations. for  the 
OSH  functions; 

•  A  budget  allocation  to  finance  corrective  actions; 

•  The  QASHG  having  authority  over  OSH  activities 
throughout  the  agency; 

•  The  manager's  or  supervisor's  performance  standards 
Including  a  requirement  to  promote  OSH. 

C.  Program  Planning 

Once  an  agency  has  made  a  commitment  to  conducting  an  OSH  program.  It 
must  define  exactly  what  the  program  expects  to  achieve.  Specific 
objectives  or  goals  need  to  be  developed  which  will  provide  the 
framework  for  planning.  Implementing,  monitoring,  and  evaluating 
program  activities.  These  objectives  also  provide  the  basis  for 
resource  allocation.  They  should  be  clear,  specific  statements  of 
measurable  results  that  are  to  be  accomplished  within  a  specified  time 
period. 

After  objectives  are  specified,  priorities  can  be  established.  Since 
resources  may  not  permit  equal  attention  for  all  problems, a  reasonable 
approach  Is  to  address  the  "worst"  problems  first.  In  order  to  set 
objectives,  one  needs  Information.  This  Information  may  come  from 
many  sources  such  as: 

•  on-site  Inspections  to  uncover  hazards 

-  Illness  and  injury  records 
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-  accident  Investigations 

•  employee  complaints 

•  job  hazard  analysis. 

Probably  more  than  one  source  of  Information  needs  to  be  used. 

Prior  to  planning  a  program,  the  program  director  should  be  able  to 
answer  such  questions  as: 

-  Which  subunits  or  which  jobs  have  the  greatest 
potential  for  Injury/lllness? 

-  Which  employees  need  personal  protective 
equipment?  What  types  of  personal  protective 
equipment  are  needed? 

•  What  was  the  Injury/Illness  rate  In 
each  major  subunit  of  the  organization? 

-  What  is  the  most  frequent  type  of  Injury/ 

Illness  in  the  organization?  In  each  subunit? 

-  What  Is  the  most  costly  type  of  injury/lllness? 

In  dollars?.  In  lost  time? 

•  What  Is  the  most  frequent  employee  complaint? 

Or  most  frequent  hazard  condition  reported? 

-  How  many  accidents  were  investigated?  Of  these, 
how  many  Involved  fatalities  or  hospitalizations 
of  five  or  more  employees? 

-  What  types  of  program  activities  were  suggested 
by  the  results  of  these  investigations? 

Only  after  all  Information  Is  analyzed  and  synthesized  can  the 
question  "which  events  can  be  prevented  by  which  type  of  program 
activity?"  be  addressed. 

General  safety  training  and  promoting  safety  awareness  may  reduce  some 
types  of  seemingly  random  occurrences  and  should  be  part  of  every 
program.  However,  If  any  agency  adopts  is  a  program  objective  the 
reduction  of  1njury/1 1  Iness  rates  by  1016,  It  should  be  able  to 
delineate  which  Incidents  It  expects  to  be  able  to  prevent  and  by  what 
means. 
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0.  PROGRAM  IMPLEHEHTATIOK 


Whatever  the  level  of  complexity  of  the  program,  the  basic  functions 
of  a  traditional  OSH  program  are: 

•  employee  Involvement; 

-  developing  written  rules  and  regulations; 

•  providing  safety  and  health  training; 

-  maintaining  records  of  Illnesses  and  Injuries, 
accident  Investigations,  medical  surveillance,  and 
environmental  monitoring; 

-  conducting  Inspections  to  Identify  hazards; 

-  correcting  or  controlling  hazards. 

The  administrative  responsibility  for  some  of  these  functions  may  be 
outside  of  the  OSH  program.  It  Is,  however,  the  responsibll Ity 
of  the  program  director  to  coordinate  these  activities. 

1.  Employee  Involvement 

To  be  successful,  an  OSH  program  must  have  not  only  administrative 
and  supervisory  Involvement,  It  must  have  employee  Involvement. 

Employee  Involvement  can  take  many  forms  Including  participation 
In  field  council  activities,  participation  In  safety  and  health 
committees  or  notifying  management  of  hazards  observed  In  the  work 
place. 

One  way  to  encourage  employee  involvement  would  be  to  establish  an 
OSH  conmittee.  Such  committees  are  encouraged  by  29  CFR  1960.36. 
The  basic  function  of  an  OSH  committee  Is  to  encourage  cammunlca- 
tlon  between  employees  and  management  concerning  safety  and  health 
matters.  A  committee  provides  a  way  for  employees  to  use  their 
knowledge  of  workplace  operations  to  assist  management  to  Improve 
policies,  conditions  and  practices. 


PROGRAM  IMPLEMENTATION  (Con't) 

The  role  of  an  OSH  c«1tt2«  is  basically  advisory  and  supportive. 
Committees  do  not  dictate  policy  or  relieve  those  In  authority  of 
their  responsibilities.  Committees*  by  their  nature,  seek 
consensus;  therefore,  they  may  be  time  consuming.  On  the  other  hand 
they: 


-  provide  representation  for  a  diversity  of  functions 
and  occupations; 

-  provide  visibility  and  top  level  endorsement; 

-  provide  authority  and  general  leadership; 

•  monitor  and  evaluate  program  effectiveness  and 
recommend  program  and  resource  changes  to  top  management. 

Another  method  of  gaining  employees'  support  and  involvement 
is  by  encouraging  them  to  identify  and  to  seek  correction  for 
hazards  in  their  work  areas. 

Training  is  a  key  element  In  promoting  employee  cooperation 
and  involvement.  This  starts  with  employee  orientation  where  the 
employee  is  Informed  of  his/her  rights  to  and  obligations  for 
occupational  safety  and  health. 

Occupational  safety  and  health  may  also  be  promoted  through  the 
use  of  posters,  slogans  and  awards. 

2.  Developing  Written  Rules  and  Regulations 

There  are  two  types  of  OSH  rules  and  regulations: 

-  general  OSH  rules  applyiny  to  all  personnel; 

•  specific  rules  or  procedures  ^elating 
to  particular  tasks. 

OSH  rules  and  regulations  oust  be  written,  published  and 
communicated  to  supervisors  and  employees.  Involvement  of 
employees  In  the  formulation  of  rules  and  procedures  is  one  way 
to  motivate  them  to  follow  procedures. 
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For  OSH  rules  to  be  effective  and  enforceable,  they  should 
be  well  conceived,  realistic,  fair,  and  presented  In  a  form 
that  all  can  understand. 

General  rules  and  regulations  should  Include  the  following 
Information: 

-  an  overview  of  the  OSH  program  and  statement  of 
agency  policy; 

•  a  description  of  the  various  administrative 
functions  responsible  for  the  program; 

-  a  list  of  the  rules  and  procedures.  Including  any 
disciplinary  actions  that  might  be  taken,  applicable 
to  all  personnel; 

-  an  explanation  of  the  supervisor's  and  employee's 
responsibility  toward  the  program; 

•  a  list  of  emergency  telephone  numbers  for  reporting 
hazards  or  emergencies. 

Specific  procedures  or  rules  may  be  required  for  particular 
operations  or  jobs.  This  Information  may  be  obtained  by  Job 
safety  analyses. 

3.  Providing  Safety  and  Health  Training 

The  supervisor  of  employees  In  high  risk  environments  Is  the  key 
element  In  preventing  accidents.  Therefore,  supervisory  personnel 
must  be  formally  trained  in  such  topics  as: 

•  the  basic  elements  of  the  agency's  OSH  program; 

-  the  supervisor's  OSH  responsibilities; 

-  hazard  recognition  and  control  techniques; 

-  agency  procedures  for  reporting  and  eliminating  hazards. 


PgOggAW  IMPLSMewrATIQH  (Con't) 

The  supervisor  should  also  be  conversant  with  tho  techniques  few* 
job  s*f«t y  study,  accident  Investigation,  and  analysis  of  statis¬ 
tics  to  datact  workpleco  pr oblasts. 

Many  Incidents  occur  froei  employees'  lack  of  training;  employees 
are  not  aware  of  the  htxards  to  which  they  are  exposed. 

Care  must  be  taken  to  ensure  that  employees  receive  and  assimilate 
OSH  Information  snd  that  they  are  motivated  to  act  on  this  In¬ 
formation.  This  means  there  must  be  a  formal,  documented  program 
to  develop  an  awareness  of  safe  and  healthful  practices  as  they 
apply  to  each  employee. 

Federal  employees  work  In  a  variety  of  environments*  Therefore, 
it  is  not  possible  here  to  specify  completely  the  type  of  training 
and  education  needed  for  each  environment. 

In  general,  the  need  for  training  arises  when: 

-  a  new  employee  is  hired; 

-  new  equipment  Is  Installed; 

-  new  tasks  are  assigned; 

-  the  lack  of  employee  knowledge  or 
skill  Is  creating  or  can  create 
accidents  or  hazards. 

In  considering  who  needs  to  be  trained  and  what  training  Is  required, 
three  groups  emerge: 

-  personnel  who  have  OSH  as  a  primary 
responsibility,  or  as  a  collateral 
duty  assignment, 

-  personnel  In  high  risk  environments, 

-  personnel  In  low  risk  environments* 


PK06KAM  IMPLEMENTATION  (Con't) 

Personnel  With  QSH  Out Its 

Training  programs  for  personnel  with  OSH  as  4  primary  or 
collateral  duty  will  depend  upon  the  duties  they  ere  expected 
to  perform  end  the  experience  thet  they  bring  to  the  Job.  In 
generet,  the  OSH  training  should  Include  elements  of: 

-  job  safety  analysis, 

*  Inspection  procedures, 

-  accident  Investigation, 

-  record  keeping  system, 

-  work  motivation, 

•  management  theory. 

Personnel  In  low  Risk  Environments 

All  employees  should  be  Informed  of  the  basic  OSH  program 
within  the  agency  as  well  as: 

-  general  agency  health  and  safety  rules  and 
regulations, 

-  employee  rights, 

-  employee  obligations  to  comply  with  all 
relevant  rules  and  regulations  and  to  use 
personal  protective  equipment  where  required, 

-  the  supervisor's  role  In  OSH, 

-  general  emergency  and  hazard  notification  procedures, 

-  the  organization  and  function  of  the  agency  OSH 
program. 
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Pgrsormt]  In  High  Risk  gmHronggnta 

Employees  In  a  Mah  risk  operation  should  be  Instructed 
In  th«  general  OSH  rulos  and  regulations  as  will  as 
specific  rules  and  procedures  for  their  jobs. 

4.  Recordkeeping.  Reporting  Requirements,  Accident  Investigations 

When  resources  are  expended  on  any  effort.  It  Is  worth 
the  tine  required  to  docunent  the  effort.  These  docu¬ 
ments  are  a  starting  point  In  the  progran  planning 
effort.  Illness  and  Injury  records  and  attendant 
accident  Investigation  records  can  be  useful  for 
Identifying  high  risk  trees.  They  cen  else  be  en 
ending  point  In  that  they  can  be  used  to  evaluate  the 
effectiveness  of  selected  OSH  activities. 

All  Federal  agencies  need  e  system  for  recording  OSH 
Injuries  end  Illnesses  not  only  for  the  requirements  of 
the  Federal  Worker  Compensation  system  and  29  CFR  1960 
but  also  for  program  planning.  Unfortunately,  there 
may  be  little  agreement  between  the  counts  of  cases  In 
these  systems. 

The  primary  purpose  of  a  recordkeeping  requirement 
should  not  be  seen  as  the  need  to  collect  numbers  for  en 
office  somevhere  else  In  government.  These  records  end 
analysis  of  their  contents  should  be  e  major  component 
of  an  effective  OSH  program.  The  information  gathered 
cen  be  used  for: 

-  Identifying  end  controlling  specific  high  risk 
accident  situations; 

-  Indicating  where  e  change,  substitution,  or 
elimination  of  materials,  methods,  processes 
or  operations  should  be  made; 

“  Identifying  trends  In  the  severity  of  accidents, 
types  of  injuries,  volume  of  property  damage, 
location  of  accidents,  etc.; 


-  providing  safety  performance  information  to 
work  groups  to  enable  then  to  compart  their 
present  performance  to  their  past  performance 
and  that  of  other  work  groups; 

•  Justfylng  program  expenditures  to  the  administration 
by  documenting  program  needs  and  accomplishments; 

•  Identifying  group  and  Individual  training  needs; 

•  serving  as  a  basis  for  award  and  Incantlve  program 
to  motivate  and  stimulate  employee  cooperation  with 
the  OSH  program. 

In  order  to  be  useful,  the  report  and  rccordkaeplng  systee  must  go 
beyond  event  counting.  An  effective  record  systee  can  be  useful 
only  If  enough  information  Is  collactad  for  Informed  decisions  to 
be  made. 

Inspections 

On-site  Inspections  are  an  Important  part  of  an  OSH  program. 
Inspections  are  conducted  to  uncover  hazards  and  to  assure 
compliance  with  rules  and  regulations. 

The  frequency  and  type  of  Inspections  conducted  will  depend  upon 
the  organizational  structure  and  staffing  of  the  OSH  program  as 
well  as  the  hazardousness  of  the  working  environment.  Formal 
Inspections  of  all  agency  facilities  must  be  made  at  least  once  a 
year  to  assure  adequate  monitoring  of  workplace  conditions. 
Here  frrquent  Inspections  should  be  made  of  high  risk  environ¬ 
ments.  Inspections  should  be  conducted  by  persons  with 
appropriate  qualifications.  In  an  agency  without  a  full  time 
program  director,  It  may  be  necessary  that  the  part  time  director 
concentrate  on  policy,  procedure  development  and  evaluation, 
relying  on  supervisors  or  outside  experts  to  conduct  formal 
Inspections  and  submit  reports  of  their  findings. 

The  first-line  supervisor  is  responsible  for  environmental  condi¬ 
tions  and  for  employee  safety  and  should  be  made  responsible  for 
Identifying  and  correcting  hazards.  Inspections  made  by  the 
OSH  staff  can  be  used  to  audit  the  supervisor's  performance. 


Program  implementation  (Con'O 


It  may  be  neceasary  for  a  program  to  rely  upon  supervlaora  for 
moat  or  all  of  Its  lnapectlon  activity.  If  so.  It  la  desirable 
that  work  areas  be  inspected  by  qualified  supervisors  from  other 
areee  to  compensate  for  the  loss  of  objectivity  inherent  in  asking 
a  supervisor  to  check  hia  or  her  ovn  OSH  performance. 

Regardless  of  the  formal  Inspection  procedures,  all  supervisors 
should  conduct  frequent  informal  inspections. 

During  all  inspections,  formal  or  informal,  notea  should  be  taken 
on  unsafe  conditions  and  activities.  The  date  of  the  Inspection 
should  be  noted,  the  problems  identified  and  the  corrective 
actions  taken  or  abatement  dates  set. 

All  persona  conducting  inspections  should  have  adequate  training 
to  support  the  role  they  have  been  assigned.  Where  inspection 
activities  must  be  conducted  by  supervisors  with  relatively 
little  formal  OSH  training,  self  evaluation  instruments  (SEI) 
might  be  used.  A  SEI  identifies  areas  which  should  be  checked 
throughly  and  provides  guidance  to  those  not  as  familiar  with  OSH 
procedures  as  fully  trained  OSH  personnel  would  be.  However,  SEI* 
do  have  shortcomings.  They  cannot  cover  all  rules,  regulations 
and  procedures  without  becoming  unduly  cumbersome.  Rules  and 
regulations  that  are  easily  included  in  a  SEI  tend  to  be  concerned 
with  equipment  and  facilities.  A  thorough  inspection  of  any  area 
should  consider  a  variety  of  factors:  people,  processes,  equip¬ 
ment,  materials,  and  environmental  conditions.  This  requires  one 
to  be  able  to  look  beyond  the  violations  to  the  potential  reasons 
iu  order  to  correct  them. 

Accident  Investigations  are  conducted  specifically  to  determine 
causal  factors  in  order  to  prevent  similar  incidents  from  occur¬ 
ring.  A  thorough  investigation  should  attempt  to  provide  a 
well-documented  account  of  the  incident.  Many  factors  may 
contribute  to  incidents  and  multipl*  points  of  attack  may  be 
required . 

6.  Abatement 

After  an  inspection  la  made,  a  report  should  be  written  listing  the 
problems  identified,  an  estimate  of  the  severity  of  the  harard(s)  and 
the  recommended  corrective  action(s).  The  program  director  may  have 
to  negotiate  with  othera  to  get  corrective  action  carried  out.  The 
program  director  should  summarise  the  results  of  all  inspections  and 
develop  a  plan  for  abatement.  The  plan  should  place  priorities, 
list  the  corrective  action  that  will  be  undertaken,  indicate  who  la 
responsible  for  the  abatement,  the  date  by  which  it  should  be 
completed  and  the  estimated  cost  of  the  project.  This  plan  can  then 
be  submitted  to  the  DAHSO  and  to  the  work  units  involved.  Copies  of 
reports  and  plans  for  corrective  action  should  be  forwarded  to  higher 
management  officials  for  their  use  in  monitoring  program  effectiveness 
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Indication  that  various  program  activities  exist  Is  not  sufficient 
evidence  of  a  satisfactory  program.  How  wall  each  functions  wist  be 
determined  so  that  the  program's  quality  can  ba  judged  and  areas  In 
need  of  Improvement  can  ha  identified. 

Fundamental  to  any  comprehensive  conception  of  program  evaluation  Is 
the  concept  that  the  findings  amercing  from  the  endeavor  should  be 
employed  subsequently  In  the  modification  of  existing  programs  or 
planning  new  ones. 

To  do  this  most  effectively,  evaluation  should  be  built  Into  the 
program  so  that  data  collection  can  proceed  at  the  time  the  event 
occurs.  This  Is  a  far  better  method  than  a  later  retrospective  search 
for  data  of  possible  significance.  In  order  to  do  this,  the  following 
rules  of  evaluation  should  be  observed: 

•  The  practical  objectives  of  the  program  to  be  evaluated  should 
be  clearly  stated.  Clarity  of  objectives  Is  an  essential  first 
step  In  establishing  appropriate  measures  of  program  success. 

**  The  underlying  assumptions  associated  with  each  objective 
should  be  carefully  Identified.  The  ultimate  goal  of  the 
occupational  safety  and  hot 1th  program  Is  the  reduction  or 
elimination  of  occupational  Injuries  and  Illnesses.  Specific 
program  activities  are  undertaken  based  on  assumptions  about 
how  Intermediate  objectives  relate  to  the  ultimate  goal. 
Consequently,  the  significance  and  validity  of  these  assump¬ 
tions  are  Important  considerations. 

-  Evaluations  of  effort,  performance,  adequacy  of  performance 
and  efficiency  should  be  done.  The  categories  are  Inter¬ 
related  but  answer  different  questions.  Considerable  effort 
does  not  determine  whether  the  program  does  any  good 
(effect).  Successful  peformanca  may  be  Inadequate  In  terms 
of  the  total  problem.  The  program  may  operate  efficiently 
as  opposed  to  some  alternative  method.  All  categories  are 
relevant  to  a  comprehensive  evaluation. 

-  The  entire  program  should  be  rexamlned  In  light  of  the 
findings  of  the  evaluation  process,  and  Intermediate 
objectives  should  be  revised,  as  appropriate. 


in.  THE  OSHA  EVXUJR.TION  PB0C8BS 


I  A.  General  torotch 

j  1.  Background 

[  Bm  previous  section  of  this  r apart  described  hew  ths  tauNc 

group  think*  an  effective  OSH  program  should  function,  and 
I  What  activitiss  it  should  include.  Th*  activities  ware 

l  organized  Into  fbur  program  ocuponants,  Which  w*  defined  as 

(  AdtaLni  strati  va  Support,  Program  Planning,  Program  Unplsmentation » 

and  Program  Evaluation.  Table  1  illustrates  how  agency 
l  aompdimee  vdth  the  29  CPR  1960  program  elements  cm 

contribute  to  an  effective  program.  With  soma  modification, 
Saction  II  and  Table  1  could  be  provided  to  agencies  to 
let  them  knew  the  context  in  Which  C8HA  will  be  examining 
Federal  agency  occupational  safety  and  health  programs.  In 
Section  III,  we  describe  our  recommended  approach  far  carrying 
out  OSHA's  evaluation  responsibilities. 

Executive  Order  12196  assigns  OSHA  the  responsibility  to 
evaluate  annually  the  occupational  safety  and  health  programs 
of  "larger  or  nora  hazardous  agencies  or  operations  ..." 

The  results  of  such  evaluations  are  to  be  submitted  to  the 
|  agency  head  to  use  in  improving  the  agency’  a  program.  The 

other  use  of  the  OSHA  evaluations  is  to  provide  ths  substance 
l  of  a  required  annual  report  to  CMB  and  the  President  on  the 

status  of  occupational  safety  and  health  in  all  Federal 
1  agencies.  Tb  fulfill  these  functions  OSHA  evaluations  need 

to  provide  both  a  oenprehensive  and  Objective  view  of  agency 
occupational  safety  and  health  programs. 

OSHA  evaluation  responsibilities  under  tine  Executive  Order 
are  substantial.  There  are  more  than  80  agencies,  many 
with  several  thousands  of  employees  in  diverse  locations. 

However  "larger  or  more  hazardous"  is  defined,  ths  limited 
OSHA  resources  fbr  Federal  agency  evaluation  will  be  stretched 
i  to  their  limits  to  mast  evaluation  requirements.  The  evaluation 

l  process  and  procedures  described  below  are  intended  to 

utilise  OSHA  resources  as  efficiently  as  possible.  They 
are  based  on  two  assumptions t  first,  that  OSHA  resources  can 
be  used  rest  efficiently  if  ths  evaluation  process  relies 
heavily  on  inibrmation  that  agencies  generate  through  their 
own  program  opmratiLons,  and  seoond,  that  OSHA  can  use 
information  it  generates  in  other  program  areas  to  srihanoe 
the  quality  of  its  evaluation  function. 

2.  Federal  agency  information 

A*  mentioned  in  Saction  II,  agency  program  evaluation 
activities  assist  agencies  in  iirproving  the  effectiveness 
of  their  OSH  programs.  The  task  group  feels  that  CSBA 
analysis  of  agency  self  evaluation  results  can  elindru  « 
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duplication  of  effort  by  agencies  and  OSHA.  The  program 
elements  In  29  CFR  I960  require  that  agencies  submit 
an  aimu&L  summary  of  the  results  of  their  self  evaluations. 

In  their  annual  report.  Table  1  outlines  specific 
activities  agencies  will  undertake  within  each  program 
component  and  Indicates  both  the  factors  agencies  should 
consider  during  their  self  evaluation  process,  and  the 
factors  OSHA  will  consider  during  lta  evaluation  of  an 
agency. 

When  the  evaluation  system  Is  fully  in  place,  OSHA  will 
evaluate  all  agencies  programs  by  reviewing  their  annual 
reports;  the  results  of  this  evaluation  will  be  published 
In  the  Annual  Report  to  the  President.  To  the  degree 
that  the  agency  conducts  a  comprehensive  analysis  of 
safety  and  health  conditions  In  Its  subunits,  OSHA  will 
be  able  to  rely  on  agency  resources  for  evaluative 
Information  rather  than  on  Its  own.  When  agencies  are 
scheduled  for  more  extensive  review  through  visits  to 
headquarters  and  field  establishments  wherever  possible, 

OSHA  'e  role  will  be  to  clarify  Information  In  the  Annual 
Report.*  More  detailed  information  on  the  proposed  content 
of  the  Annual  Report  is  given  in  section  B,  below. 

3-  Other  information  sources  available  to  OSHA 

The  Agency  annual  report.  Including  self  evaluation  results, 
will  be  a  key  document  in  the  OSHA  evaluation  function. 

In  addition,  Executive  Order  12196  specifies  several  OSHA 
activities  which  can  potentially  generate  data  and  Information 
directly  lr.  support  of  its  evaluation  responsibilities. 
Information  from  unannounced  OSHA  inspections  of  worksites. 
Investigations  of  employee  or  committee  reports  of  hazardous 
conditions  and  accident  Investigations  can  all  provide 
OSHA  with  a  candid,  though  limited  scope.  Indication  of 
actual  conditions  in  an  agency  and  Its  level  of  program 
implementation. 


*  Guidelines  for  preparing  1981  Annual  Reports  will  be  Issued  later  this 
year.  Until  those  reports  arrive,  in  April,  1982,  evaluators  will  not 
be  able  to  rely  heavily  on  Annual  Report  Information.  During  this 
Interim  period,  background  Information  will  be  obtained  during  the 
headquarters  vl'lt. 


duplication  of  effort  by  agencies  and  OSHA.  The  program 
elements  In  29  CFR  I960  require  that  agencies  submit 
an  annuaL  summary  of  the  results  of  their  self  evaluations. 

In  their  annual  report.  Table  1  outlines  specific 
activities  agencies  will  undertake  within  each  program 
component  and  indicates  both  the  factors  agencies  should 
consider  during  their  self  evaluation  process,  and  the 
factors  OSHA  will  consider  during  its  evaluation  of  an 
agency. 

When  the  evaluation  system  is  fully  In  place,  OSHA  will 
evaluate  all  agencies  programs  by  reviewing  their  annual 
reports;  the  results  of  this  evaluation  will  be  published 
in  the  Annual  Report  to  the  President.  To  the  degree 
that  the  agency  conducts  a  comprehensive  analysis  of 
safety  and  health  conditions  in  Its  subunits,  OSKA  will 
be  able  to  rely  on  agency  resources  for  evaluative 
information  rather  than  on  Its  own.  When  agencies  are 
scheduled  for  more  extensive  review  through  visits  to 
headquarters  and  field  establishments  wherever  possible, 

OSHA'e  role  will  be  to  clarify  Information  in  the  Annual 
Report.*  More  detailed  Information  on  the  proposed  content 
of  the  Annual  Report  is  given  in  section  B,  below. 

3.  Other  information  sources  available  to  OSHA 

The  Agency  annual  report,  including  self  evaluation  results, 
will  be  a  key  document  in  the  OSHA  evaluation  function. 

In  addition,  Executive  Order  121.96  specifies  several  OSHA 
activities  which  can  potentially  generate  data  and  information 
directly  in  support  of  its  evaluation  responsibilities. 
Information  from  unannounced  OSHA  inspections  of  worksites, 
investigations  of  employee  or  committee  reports  of  hazardous 
conditions  and  accident  Investigations  can  all  provide 
OSHA  with  a  candid,  though  limited  scope,  indication  of 
actual  conditions  in  an  agency  and  its  level  of  program 
implementation. 


•  Guidelines  for  preparing  1981  Annual  Reports  will  be  Issued  later  this 
year.  Until  -those  reports  arrive,  in  April,  1982,  evaluators  will  not 
be  able  to  rely  heavily  on  Annual  Report  information.  During  this 
interim  period,  background  information  will  be  obtained  during  the 
headquarters 
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4.  Integration  of  infonaaticn 

Far  QSHA  to  simm  all.  relevant  informticn  on  an  agency, 
it  %dll  be  ftsoMiary  to  maintain  an  tp>to-date  fflJL*  tar 
«*dh  agency.  Cm  £Lla  will  contain  the  agency  annual 
rsport «  cqjiaa  of  coEraapondanca  with  the  aganc y»  and 
ccpiae  of  the  caaulta  of  all  field  actdLvLtLaa  relating 
to  12m  agency.  Whan  an  agency  ia  efoadultd  Sac  cn-aita 
evaluation,  an  awaluation  plan  will  ba  prepared  by  OHL 
based  on  all  Information  in  its  fl.lt. 

ChAe  approach  will  allow  08B&  to  taka  full  advantage  at 
Am  infonaatiaEa  gnantid  by  Federal  agaceLee  aa  thay 
conduct  and  gtporfc  on  tSwir  aalf-avaluaticn  actlvltitg, 
aa  wall  as  infoanatian  generated  by  other  08H&  projna 
operatlona.  Sinew  OSHA’e  raaourcaa  axa  ao  lissLtad  and 
tha  masher  and  cdLxa  of  Federal  agandLaa  ao  largo,  fide 
approach  will  produce  the  met.  oenprahanaita  and  gruataat 
masher  of  evadmtAaaa  possible. 


1624 


8.  The  Annual  Rtport 

1,  Pur post 

Aytnutl  reports  should  provide  OSHA  with  the  Information 
necessary  to  understand  the  context,  the  design,  the  opera¬ 
tion,  the  accomplishments,  and  the  direction  of  an  agency's 
OSH  program.  All  major  program  components  need  to  he  addressed. 

In  general,  the  Information  to  he  Included  In  the  Annual 
Report  will  he  of  two  major  types  (1)  characterization  the 
program  and  (2)  self-evaluation  of  the  program's  Implement¬ 
ation  and  operation. 

Characterization  of  the  program  Includes  the  following: 

-  A  description  of  the  larger  organization  of  which 
the  occupational  safety  and  health  program  Is  a  part; 

-  evidence  of  the  administrative  support  for  the  OSH  program; 

-  the  rationale  for  the  program  design  in  terms  of 
the  problem  areas  to  be  addressed  and  the 
objectives  established. 

The  self  evaluation  report  will  describe  the  evaluation 
process  as  well  as  present  the  results.  Each  of  the  program 
activities  will  be  addressed  as  well  as  progress  toward 
meeting  the  overall  goal  of  Injury/illness  reduction. 

2.  Report  Format 

The  report  should  be  explicit  and  comprehensive,  but  to  the 
point  on  each  Issue.  The  typical  content  of  a  report  may  be 
as  follows: 

Section  I.  Simwary 

The  purpose  of  this  section  is  to  provide  a  brief  overview  of 
the  entire  report.  Findings  and  recamaendatlons  are  listed. 

The  most  crltlal  aspects  of  the  program  as  perceived  by  the 
agency  should  be  highlighted.  Conclusions  should  reflect  the 
agency's  evaluation  of  how  well  It  met  Its  own  goals  and  how 
well  it  meets  the  needs  of  the  agency. 


Section  II.  Background 


This  section  describes  the  context  In  which  the  program  has 
been  Implemented  —  the  setting,  administrative  arrangements, 
personnel,  and  resources.  What  are  the  hinds  of  occupations 
and  numbers  of  employees  In  the  agency  served  by  the  program? 
Initially,  a  policy  statement,  the  staffing  pattern,  and  an 
organizational  chart  showing  the  OSH  function  should  be 
submitted;  only  changes  In  these  documents  need  to  be  Included 
In  subsequent  years.  Among  the  budget  Items  to  be  specified 
are  personnel,  training.  Inspection  activity,  personal 
protective  equipment  and  abatement.  For  each  Item,  what 
percent  of  the  projected  need  was  made  available? 

The  program  planning  process  should  be  delineated.  A  brief 
analysis  of  OSH  problems  within  the  agency  with  supporting 
data  provides  evidence  that  there  was  an  assessment  of  needs. 
Program  variations  among  different  sites  should  be  documented. 
Clear  statements  of  program  objectives  and  priorities  are 
essential  with  an  Indication  of  how  they  were  set. 

Section  III.  Self-Evaluation 


The  purposes  of  this  Important  section  are  threefold: 

-  to'  describe  the  self-evaluation  activities 

*-  to  present  the  study  results; 

-  to  discuss  the  implications  of  findings. 

Octal is  of  the  process  for  evaluating  program  Implementation 
should  address  the  purpose/focus  of  evaluation;  evaluation 
design— strengths  and  weaknesses;  measures  developed;  and  data 
collection  procedures  used. 

The  various  levels  of  evaluation  previously  discussed  should 
be  Incorporated  for  each  major  program  element  and  the  overall 
program.  Examples  of  questions  to  be  answered  follow: 

-  Complaint  procedures  —  Of  the  number 
received,  how  many  were  resolved?  How  does 
this  compare  with  previous  years?  Have  the 
complaints  uncovered  problems? 
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Section  III.  Self-Evaluation  (Con't) 

-  Workplace  Inspections  —  What  type  and 
frequency  of  Inspections  Mere  done  compared 
with  those  planned?  How  does  this  compare 
with  previous  years? 

-  Abatement  —  What  percent  of  hazards 
Identified  were  abated?  Is  abatement  of 
particular  kinds  of  hazards  related  to  a  decline 
In  particular  types  of  injuries? 

-  Training  —  For  each  category  of  personnel  (managerial/ 
supervisory;  OSH  professional/eol lateral 

duty;  employees) «  how  much  training  was  needed 
and  how  much  was  provided?  How  was  the 
training  conducted?  What  were  the  outcomes  of 
the  training? 

-  Employee  Participation  —  In  what  activities  have 
employees  participated  and  to  what  extent?  Have 
special  measures  been  taken  to  motivate  employees 
to  participate  in  program  activities?  Do 

these  methods  work? 


In  discussing  the  results  of  the  evaluation,  the  major  Issues  to 
be  addressed  Include:  How  well  did  the  program  function,  as  a 
whole?  In  each  of  its  various  subcomponents?  What  changes  In 
the  program  are  proposed  as  a  result  of  the  evaluation? 
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C.  OSBA  Qraita  Evaluation  Procedures 

1.  Introduction 

Executive  Order  12196  and  the  progrw  elements  puhlishad  an 
29  OH  1960  contain  certain  raqulrantants  that,  oust  bo  included 
in  OSSA’ a  evaluation  system.  Among  thorn  arms 

-  OSSA  nuart  evaluate  <& s±  agency's  occupational  safety  and 
health  program  on  a  regular  schedule. 

-  Evaluation*  of  larger  or  sore  hazardous  agendas,  sstahliahnunts 
or  cper&tians  mmt  he  carried  cut  annually. 

-  QSQA  sust  revise  the  agsoy's  self-evaluaticn  report  and 
develop  an  evaluatian  plan  before  initiating  an  evaluation. 

-  QSBA  should  cmpleto  the  agency  evaluatian  within  90  days, 
and  mist.  submit  a  report  to  the  agency  bead  within  90  days 
after  the  dosing  conference. 

The  evaluation  process  outlined  below  is  designed  to  incorporate 
these  program  requirements  and  to  use  OSBA's  lid  bed  staff  and 
financial  resource*  effiLH  ently  and  affectively. 

2.  Scheduling 

In  the  pest,  agendas  were  scheduled  far  evaluation  based  on  their 
size  and  their  injury/illnesa  rates.  A  relatively  small  amber 
of  agendas  were  evaluated,  in  pert  because  an  agency  "evaluation" 
included  extensive  review  at  the  agency  headquarters  and  SLeld 
•valuation*  of  a  number  of  subunits.  Each  re-evaluation  involved 
basically  the  owm  process,  repeating  much  of  the  "paper”  review 
that  had  bean  acoaqpllshad  previously. 

She  task  group  suggests  that  by  revising  its  approach  to  scheduling 
and  conducting  evaluations,  Q6SA  can  increase  the  dnelirteo*  of  the 
•valuations  and  the  nunfear  of  different  agendas  evaluated, 
without  sacrificing  quality.  There  are  several  ways  this  con  be 
acnCRpliShedt 

-  As  mentioned  previously,  time  spent  onsite  can  be  reduced 
if  evaluators  rely  heavily  on  Annual  Reports. 

If  the  annual  report  is  incomplete  or  if  no  report  is  submitted* 
OGHA  could  request  an  informal  moating  to  discuss  the  agency's 
occupational  safety  and  health  program.  The  meeting  would  be 
attended  by  at  least  the  evaluator  end  the  director  of  the 
agency  occupational  safety  and  health  program;  attendance  by 
additional  OSHA  or  agency  personnel  .*0013  be  optional.  The 
purpose  of  the  meeting  would  be  to  determine  if  a  oonplete  or 
Halted  evaluation  Should  be  richeduied  or  if  program  assistance 
from  OSHA  is  needed. 
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-In  aero  cases,  the  annual  r apart  review  may  indicate  that 
a  ccnplete  evaluation,  Inclufling  both  headquarters  and  field, 
reviews,  la  not.  appropriate.  Bar  example,  if  an  agency  reports 
that  its  self  evaluation  Shows  a  need  for  mare  precise  cast 
collection  and  analysis,  OSEA  might  elect  to  conduct  only  a 
headquarters  review.  The  evaluation  resect  to  the  agmsy  in 
that  case  would  refer  to  the  self  evaluation  end  discuss  only 
the  quality  of  the  agency's  program  planning  efforts. 

-Although  29  CFR  I960  requires  annual  evaluations  of  "large”  or 
“mare  hazardous”  agencies,  in  some  years,  an  agency  evaluation 
may  not  include  onsite  visits,  but  focus  only  on  the  agency  evaluation 
report.  Such  evaluations  should  be  conducted  only  where  a  recant 
onsite  evaluation  has  concluded  that  the  agency  has  &  good  program, 
and  where  the  agency  submits  a  comprehensive  Annual  Report-  This 
"paps:"  review  would  meet  the  annual  evaluation  requirement,  but 
would  not  require  extensive  staff  time;  staff  marchers  wou£3n»-—  -  _ 
available  to  conduct  onsite  reviews  of  additional  agencies. 

-Reduce  the  scope  of  evaluations.  Bar  example,  even  though  a  large 
agency  receives  an  annual  evaluation,  the  evaluation  may  include 
only  one  major  submit  each  year.  After  the  first  year,  the  headquarters 
evaluation  would  only  focus  on  changes  since  the  previous  evaluation. 

Employing  one  or  acre  of  these  methods  should  increase  the  lumber  of  agencies 
to  be  evaluated  each  year .  Since  OSSA  must  schedule  its  evaluations,  it  is 
suggested  that  a  schedule  far  onsite  evaluation  be  developed  based  on  one  or 
more  of  the  following  factors  (see  Sample  Schedule,  Table  2)s 

-  Size.  Any  way  chosen  to  define  "large"  will  by  its  nature  be 
arbitrary;  the  mxriber  of  agencies  would  vary  from  about  10  to 
20  annually.  Bar  illustrative  purposes,  over  20,000  aaployees 
was  chosen. 

-  Injiary/ illness  incidence  and  severity  rates.  Current 
calendar  year  EARS  data  will  be  used  to  identify  agencies 
with  higher  than  average  injury/illness  rates.  TO  the 
extent  possible,  CMCP  data  will  be  analyzed  to  identify 
hazardous  subunits  within  agencies.  Either  factor,  a  high 
overall  agency  rate  or  a  high  rate  within  a  submit  rosy 
initiate  an  cezlta  evaluation. 

-  Special  problems.  0SHA  will  maintain,  an  information  file 
for  each  agency.  The  file  will  include  annual  reports,  the 
results  of  vnacnowced  inspections  and  accident  investigations, 
employes  or  committee  reports  of  hazardous  conditions,  etc.  This 
file  will  be  reviewed  annually  to  detsreine  if  other  factors 
indicate  that  hazardous  conditions  may  exist. 
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3.  Evaluation  plan  preparation 


After  a  decision  is  mate  to  evaluate  a  particular  agency,  a  lead 
evaluator  will  be  designated  overall  reasendblllty  tor  toe  evaluation. 
The  load  evaluator  will  prepare  a  written  evaluation  plan 
baaed  cm  a  review  of  ell  intonation  in  the  agamy  file*  iaoladHLng 
the  smart  recant  annual  report.  As  the  lead  evaluator  preparer  the 
evaluation  plan,  he  or  aha  any  dlaauss  potential  altaa  tor  establish” 
mant  visits  and  apodal  areas  of  oanearn  with  field  evaluator  a  in 
QUA  regional  offices. 


the  evaluation  plan  tdll  Include  a  tentative  schedule  tor  tha 
opening  aonfsrenoa,  headquarters  and  field  evaluations  and  dosing 
oaatorenes,  proposed  site  (selections,  a  list  of  any  documents  tha 
agency  should  aesohle  prior  to  tha  evaluation,  and  a  description 
of  special  areas  of  concern,  if  any.  Any  agancy-epeclfic  requirements 
QOBA  dll  review,  eueh  es  certified  C6H  later  management  ccmnittaos  or 
the  need  tor  e  product  safety  program,  dll  else  he  listed.  The 
evaluation  plan  dll  he  torwsrdad  to  the  agency  head  dto  tha 
evaluation  notification  letter;  a  copy  dll  be  traneuLtted  to 
apprafriate  CSSA  regional  parsocnal. 


4*  Opening  conference 


The  opening  conference  at  the  headquarters  level  merits  the  official 
Initiation  of  the  evaluation.  (Tha  sequence  of  events  toon  the  opening 
conference  to  the  closing  conference  is  illustrated  In  Table  III. ) 
Those  attending  tha  conference,  in  moat  cases,  dll  include  the 
agency  designated  safety  end  health  official,  the  director  of  tha 
agency*  a  occupational  safety  and  health  program,  the  dir  actor  of  the 
QBBfi  Office  of  Federal  Agency  Programs,  the  director  of  the  OL vision 
of  Evaluation,  and  toe  lead  evaluator. 

The  purpose  of  the  conference  is  to  explain  toe  purpose  of  toe 
evaluation,  to  describe  the  evaluation  process  and  procedures,  to 
discuss  the  dtee  to  be  visited,  and  answer  any  questions  from 
agency  personnel.  Agency  personnel  may  also  suggest  additional  or 
alternate  sites  tor  establishment  visits,  but  final  dadaLon  on 
site  selection  dll  be  ante  by  068A. 

Field  end  headquarters  evaluation  activities  dll  begin  within  two 
weeks  after  toe  opening  confer  «noa. 

S.  Establishment  visits 

In  ordar  tor  OSSA  to  eersy  out  oenpe  abend ve  onsite  evaluations 
at  headquarters  and  field  eetablidnemrts,  all  evaluators 
must  understand  clearly,  nd  hasp  in  mind  at  all  times, 
how  their  dartarmLnstlfln  of  agency  compliance  with  toe  29 
CFR  1960  progran  clamant*  is  related  to  OSBA's  final 
dertardnatian  of  the  effectiveness  of  the  agency  occupatjonal 
safsty  end  health  program.  The  relationship  can  bo 
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understood  nor*  clearly  if  achievement  of  th*  39  CFR  1990  raquLreasnt* 
is  viewed  as  m  int«K*adi,Mai  goal.  PerflbraaLaa  all  of  the  reartrsd 
activities  is  nTaKSaTthtt  th*  agency  b*»  m  effisetiv* 
programr- a  final  dstarninatian  oancarninq  program  effectiveness, 
however ,  oust  b*  based  on  the  •valuators'  analysis  of  hew  wall 
th*  agency  has  tart  lor  ad  its  activities  to  mat  its  individual 
needs  and  qutoamaa,  In  tha  final  analysis,  a  good  program  would 
probably  contain  all  tha  elements,  but  compliant*  with  isolated 
element*  does  not  necessarily  mean  an  agency  baa  an  sffiectLve 
pregraau 

The  headquarters  evaluation  nay  be  conducted  either  solely  by  tha 
lead  evaluator  car  ty  a  team.  Where  a  team  conducts  tha  evaluation, 
the  leed  evaluator  will  assume  primary  responsibility  fix  directing 
tha  dLacusaiaa*  but  all  evaluator*  will  participate. 

During  fits  visit  the  evaluator  (s)  wLU  auric  qpeetiona  to  determine  If 
the  agency  is  Implementing  tha  39  GF&  program  elements  (see  "Cbosidaratintts 
fix  Evaluation"  in  Table  1)  and  to  explore  relationship*  smog  the 
various  oesgonents  of  the  agency  program*  administrative  support, 
program  planning,  implementation,  and  evaluation.  Ibr  example,  to 
determine  if  the  agency  has  ailoeatad  appropriate  resources"  fix 
analytical  equipment,  the  evaluator (s)  will  aric  not  only  the  amount 
of  resources  allocated,  but  also  such  questions  as*  "Haw  wee  the 
need  for  analytical  equipment  determined?"  "What  prlerltie*  war* 
established?"  "What  training  was  provided  on  the  use  of  the  equipment?" 
and  "Has  tha  equipment  bean  used  effectively?" 

It  is  anticipated  that  headquarters  evaluations  will  last  appeoxlinately 
2-3  days.  Tha  headquarters  evaluation  may  not  include  an  inspection 
of  the  facility.  After  the  onsite  headquarters  evaluation  is 
caqpiletad,  the  lead  evaluator  will  write  a  repxt  for  hLs  or  bar  file 
including  findings  and  r saanwendmtions .  If  a  team  conducts  the  evaluation, 
ths  lead  evaluator  will  consult  with  other  team  numbers  in  preparing  the 
file  repxt. 

In  many  reapsets,  field  evaluations  will  bs  carried  out  similar  to 
headquarters  evaluations.  They  will  include  an  opening  conference, 
discussions  about  th*  operation  of  the  establishment’ s  occupational 
safety  and  health  program,  and  a  dosing  confer enoe. 

Ths  primary  purpose  of  field  evaluations  is  to  detarmin*  if  the 
oocupatianal  safety  and  health  program  establiahad  by  agency 
leadership  ia  being  lay  lamented  at  tha  establishment  lemal.  The 
field  evaluator  will  therefore  usually  ooncentrata  bis  or  her  evaluation 
on  ths  "Program  htylmnantation”  consonant  of  the  total  agancy  program. 
(Relevant  29  CPR  1960  program  elemants  are  list  Jd  in  Table  1.)  Tb 
determine  haw  well  the  program  is  being  inylemented,  ths  evaluator  will* 

1}  discuss  tha  program  with  ths  establishnent  official  responsible  fix 
safety  and  health  and  with  employee*  and  employe*  repraaantatives,  and  2) 
walk  through  the  eetahUrixmnt  to  determine  compliance  with  29  CFR  1960 
program  elements  (including  GSEA  standards) . 


The  extent  of  neia  evaluator  exassJnetlon  of  other  Man oy  prtacrMi 
ocmponmta,  p*mcul*rly  Frugrtai  Flanaifl*  ana  faappi  IwMl^ 
will  wry  aomartiiit,  depending  on  the  aasm*  of  mmmtf  given  1b 
the  ostebllshmwit  by  the  agency.  XT,  throng*  review  of  fancy 
policies  end  procedures,  the  lead  evaluator  detenalnf  that  * 
subunit  has  a  substantial  role  in  planning  and  evaluating  lt» 
program,  he  or  she  should  discus*  the  evaluation  of  those  wnponegfea 
with  the  field  evaluator  prior  to  omits  evaluation  aotltltim. 

2h  all  cases,  all  evaluator*  Must  feMp  In  srind  that  the  ultfate 
rvMjXjnelWJlter  for  operation  of  the  OSH  program  lie*  with  the  agency 
head;  the  quality  ef  the  sstabllshmant  pragma  la  a  reflection  of 
the  agency  program*  regardless  of  eetabllahaant  or  subunit  autonomy* 

The  workplace  survey  is  an  important  part  of  the  program  evaluation; 
but.  Its  purpose  should  not  ba  oonfueed  with  a  private  motor 
Inspection.  DUorependw  between  29  CFR  i960  program  el— tote 
(Including  adherence  to  0881  standards)  and  workplace  conditions 
will  be  oomijdered  by  ths  evaluator  es  potential  symptome  of  problems 
in  the  edmfinlatratlan  of  ths  agency’s  occupational  safety  and 
health  program. 

After  ths  facility  review,  the  evaluator  will  discuss  serious 
discrepancies  that  were  observed  with  the  director  of  the  establishment 
program  to  determine  where  there  might  have  been  a  breakdown  In 
the  agency  088  program  that  might  have  lad  to  the  violations.  Vbr 
example.  If  employees  were  observed  working  In  an  environment 
exceeding  QSHA  node*  standards  without  hearing  protection,  the 
evaluator  would  attempt  to  determine  whether:  1)  neither  management 
nor  workers  recognized  the  hazard,  2)  management  recognized  the 
hazard  but  did  not  allocate  sufficient  resources  for  anglneerlng 
controls  or  personal  protective  equipment,  3)  personal  protective 
equipment  was  available,  but  workers  were  not  wearing  it  because 
they  didn't  recognize  the  hazard  and  management  didn't  require 
that  the  equipment  be  worn,  or  A)  earns  other  factors  led  to  the 
condition.  Finally,  a  closing  conference  will  be  held  (tiring 
which  the  field  evaluator  will  summarize  hie  or  her  major  findings. 

Any  hazards  requiring  Irasedlata  attention  will  again  be  noted. 

After  the  onsite  field  evaluation  is  completed,  the  field  evaluator 
may  need  to  continue  the  evaluation  by  discussing  his  or  her  finding* 
with  the  lead  evaluator.  Such  discussions  may  be  necessary  to  determine 
where  the  agsnoy's  program  failed — Were  workers  exposed  to  hazards 
because  agency  headquarters  did  not  establish  procedures?.  Because 
procedures  were  established  at  the  agency  headquarters,  but  not 
lapleaented  in  the  field?  Because  the  director  of  ths  establishment 
program  wanted  to  Implement  the  procedures,  but  was  not  given  adequate 
resources?,  etc. 

Field  evaluators  will  write  up  their  reports  and  forward  them  to 

the  lead  evaluator.  The  QSHA  National  Office  will  supply  Regional  Offices 

with  instructions  for  preparation  of  establishment  reports,  lbs  establish— 

report  will  describe  how  the  establishment  program  met,  failed  to 

meet,  or  exceeded  agency  and  03HA  requirements.  The  report  will 

also  suggest,  probable  causes  for  problems  found  and  suggestions  for 

agency  action. 
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6.  Agency  headquarters  doting  conference 

Tte  pucpoM  of  the  dosing  confeeencw  is  to  infernally  1st  agency 
parwxmal  know  ebat  0S8A  £ indings  and  zwaamntetioni  *w  iikmly  to  bs 
included  in  tbs  final  report  trmwittsd  from  tbs  Secretary  of  tabor 
to  tbs  agency  hsad.  Tb  prepare  far  tbs  dosing  flonfteww,  tbs  load 
aval  us  tor  will  analyse  all  field  and  tewSgunstew  findings.  Si  or 
aba  will  determine  the  eottant  to  sbidb  tbs  agency  has  otmplieu  with 
tte  29  CFR  1960  prograai  aiemanta  and  bow  tbs  agency's  ccspliawm,  or 
failure  to  ocacply  has  ted  m  iapact  on  the  effectivwnate  of  its  peogxm. 
Agency  af forts  eacaading  tba  minimum  raqfdraaants  will  also  te  noted. 

After  briefing  appropriate  apirvince,  tte  load  evaluator  will 
acted uls  a  cloning  conference  at  agency  headquarters.  Tte  doting 
conference  will  te  attended  by  at  least  tte  load  evaluator,  tte 
director  of  tte  Division  of  Evaluation  and  tba  director  of  tte  agency 
occupational  safaty  and  health  program;  attendanoa  by  additional 
06 BA  or  agency  personnel  will  te  cptioaei. 

7.  Final  Report 

After  tte  closing  conference,  tte  laad  avaluator  will  prepare  a  final 
report  for  appropriate  supervisory  review.  The  report  will  follow  a 
consistent  format,  organisad  by  program  component.  It  will  not 
include  all  failures  te  comply  with  the  39  CFR  1960  program  elements, 
but  will  use  axaaplaa  drawn  foam  regional  and  national  evaluator 
findings  te  illustrate  program  strengths  and  tmaknesses. 

Within  90  days  of  tte  dosing  conference,  a  final  report  will  be 
transmitted  from  tte  Secretary  of  Labor  te  tte  agency  bead.  Within 
60  days,  tte  agency  teed  will  review  and  ocmoent  on  the  report. 

Included  in  tte  canmenta  will  be  any  program  improvements  made  after 
the  dosing  conference.  Tb*  final  evaluation  report,  including 
agency  cancan ta,  will  than  te  forwarded  to  the  Office  of  Management 
and  Budget,  and  finally,  to  tte  Preaidant. 
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smum  of  me*m  activities  mo  aeievant  coksicekatioks  pot  evaluation 


ACTIVITIES  MB  RELEVANT  CONSIDERATIONS  FOR  EVALUATION 


AGENCIES  >2GK  1*80  PASS  RftTKlHUffflEKl  mUSTCtS  SUB-ONTSS  I  *80  PARS  RWEjlWBSKl  OTHER  S&JECTKR  REASON 
CIVILIAN  %  I  i  iFAfrniSi  (Two  Kiqheat  HWS  Rates  or  I  I  |FMW£  I  {Agency  Annual  Report  Review 

EMPLOYEES  |  TOTAL  {  HOC  It  Cl'S!  with  fatals/cetastEophes  I  TOTAL  I  HOC  It  a'8|(r»Sfni*l!  Hot  Sttsittod, 


fsas  Located  Within  GfcSva  Statutory 


***** 


S  A.  M  ?..  L  8 

UN  mB  STATES  POSTAL  SERVICE 

INCID2NCE  KATES 
CY  1980 


TOTAL  CASES 

LOST  WORKDAY 
CASES 

NUMBER  07 
EMPLOYEES 

NUMBER 

TKSiXS 

TOTAL  US  POSTAL  SERVICE 

8.83 

3.36 

669,004 

n 

*«jtesJLuigatea 

Warwick,  II 

27.03 

16.22 

187 

m 

Brockton,  MA 

23.30 

17.61 

411 

m 

Pawtucket,  Rl 

23,39 

13.68 

240 

- 

Proridonoa,  El 

21.68 

13.52 

1,642 

- 

PraniaghMi'v  KA 

16.97 

12.0? 

196 

- 

Now  Koran,  CT 

18.76 

13.68 

1,338 

- 

Lswranca,  MA 

21,61 

13.18 

232 

- 

Boston,  MA 

18.12 

11.81 

9,086 

• 

Bridgeport,  CT 

17.23 

9.76 

700 

an 

Worsts tar,  MA 

16.82 

16.41 

807 

- 

Hertford,  CT 

16.25 

10.0? 

1,971 

Nubtu.  MA 

16.21 

13.03 

161 

- 

Bangor,  ME 

16.17 

14.13 

219 

Lynn,  MA 

14.87 

14,53 

327 

Moneboittor,  NH 

13.30 

10.  CO 

590 

- 

Concord,  NH 

12.77 

71.07 

131 

Fitchburg,  MA 

12.38 

12.38 

66 

- 

Roglon  If  -  Km  York 

Massapaqua,  NY 

37.07 

19.35 

143 

m 

Suffom,  NY 

20.09 

13.82 

256 

m 

Hickarill*,  NY 

le.ys 

15.99 

1,709 

m 

Wautbury,  NY 

17.88 

17.03 

124 

m 

Fotoroon,  NJ 

17.65 

12.32 

662 

- 

Atlantic  City,  NY 

16.51 

14.49 

291 

m 

Hanpataad,  MY 

13.37 

15.35 

301 

• 

Jartty  City,  NJ 

J  3.07 

9,74 

4V3 

- 

Brooklyn,  NY 

14.74 

14.67 

5,274 

1 

Babylon,  NY 

14.69 

8.79 

163 

- 

PUshlng,  NT 

14.38 

14.17 

2,699 

- 

Howard,  *U 

13.43 

12. 31 

2,^48 

- 

Now  Mydo  Pack,  NY 

12.82 

12.82 

149 

• 

Albany,  NY 

12.39 

11.12 

84 

- 

Carden  City,  NY 

11.88 

11.88 

161 

- 

Niagara  Falla,  NY 

11.83 

11.85 

168 

- 

Tonsounda,  NY 

11.17 

11.17 

117 

- 

Eojelqalll  ♦  Phil  Id  a  lpb  la 

Roaaoks,  VA 

13.13 

8.58 

396 

• 

Hagarstewu,  MU 

12.66 

10.97 

135 

- 

Huntington,  W V 

12.07 

11.79 

284 

- 

TOTAL  CARS 

LOST  tmtKOAY 

CAfgg 

MJNM&  OF 
RMfLOrm 

MONK! 

FATAL! 

14.90 

7.53 

2,111 

m 

10.82 

6.58 

1,414 

* 

22.89 

7.05 

513 

m 

22.50 

10.27 

228 

SB 

17.01 

19.50 

837 

er 

16.61 

14.54 

131 

«e 

14.70 

10.32 

711 

as 

13.68 

7.28 

732 

m 

12.39 

11.80 

6,133 

as 

12.50 

12.50 

98 

as 

11.44 

10.09 

1,084 

m 

11.03 

6.46 

2,371 

m 

10.85 

9.43 

13,067 

as 

14.47 

13.62 

129 

13.32 

5.80 

548 

as 

18.52 

12.04 

116 

m 

13-43 

5.74 

5,503 

- 

10.00 

6.93 

547 

s» 

14.16 

11.35 

304 

- 

13.49 

9.97 

181 

_ 

12.63 

5.45 

427 

- 

11.85 

5.15 

1,385 

- 

9.27 

5.98 

3,382 

- 

8.65 

3.06 

9,867 

2 

9.78 

4.87 

2,717 

1 

Jaekacxrrille,  ft 
Ft  Lauderdale,  FL 


Dnikn,  MX 
Aunri)  XL 
Leasing,  MX 
Lot a in,  OH 
Gary,  XM 
Youngstown,  OH 
Cleveland,  OH 
Molina,  XL 
Akron,  OH 
St.  Paul,  MM 
Chicago,  IL 


Calves ten,  YX 
Corpus  Christie,  TX 

Region  VIX  -Kansas  City 
Council  BluffaTXA 
St.  Louie,  MO 
Topeka,  KS 


Pueblo,  CO 


Redwood  City,  CA  13.49  9.97  1S1 

Santa  Rosa,  CA  12.63  5.43  427 

Santa  Ana,  CA  11.65  3.15  1,385 

Oakland,  CA  9.27  5.98  3,382 

Los  Angeles,  CA  8.65  3.06  9,867  2 

Rerion  X  -  Secttla 

Portland,  OR  9.78  4.87  2,717  1 

MOTES: 

In  addition  to,  the  above,  there  was  1  fatality  in  each  of  the  following  Post  Office. 
H*w  Orleans,  LA  -  Bernice,  LA  -  Glendale,  CA  -  San  Diego,  CA  -  Alexandria,  LA 
Buffalo,  MY  -  Aina,  MI  --Birainghos,  AJ. 

The  21  Bulk  Mall  Centers  are  not  identifiad  in  PARS.  They  are  included  in  the 
applicable  State  fox  all  other.  However,  it  is  e  known  feet  that  their  Incidence 
rates  are  ell  store  than  double  the  OSPS  average. 
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VETEBAMS  ADNIMISTBATIOK 
XMCXDCNCE  SATIS 

or  i9to 


TOTAL  CASES 

LOST  WORKDAY 
CASES 

M0MKEE  OP 
EMPLOYEES 

Mourn 

PATALS 

TOTAL  VSTOUMS  ADKUtlSTSATIOK 

7.34. 

3.14 

211,574 

1 

*98*90  I  >91 nw 

Badford?  HA. 

13.74 

13.74 

1,352 

• 

Morthanpfcoa,  HA 

10.07 

10.07 

1,004 

m 

To KU*,  NS 

8.01 

6.00 

1,206 

m 

Honttosii  BY 

20.  SI 

7.93 

1,637 

« 

Maw  York*  NT 

13.25 

1.89 

2,227 

as 

Brooklyn,  NT 

11.87 

6.93 

1,663 

as 

Lyons,  MJ 

11.34 

9.00 

1,791 

•  m 

Castlo  ftlot,  NY 

10.38 

10.38 

749 

as 

Northport,  NT 

10.19 

10.19 

1,862 

aa 

Bronx,  MY 

9.67 

9.58 

2,266 

a* 

Caaadolgua,  NY 

9.34 

9.34 

1,243 

• 

Bath,  MY 

8.21 

7.10 

701 

l 

Albany,  OA 

7.40 

7.20 

1,546 

ww 

R«E*g». 

rt  Howard,  KD 

16.93 

4.70 

504 

aw 

Pittsburgh,  PA 

13.24 

10.16 

933 

• 

Balt inert,  HD 

12.80 

6.58 

941 

as 

Cincinnati,  OH 

48.61 

6.00 

1,110 

m 

Clavalsnd,  OH 

16.98 

1.90 

3,076 

m 

Dcnvlllt,  XL 

16.91 

13.96 

1,436 

- 

Dayton,  OH 

16.72 

2.18 

1,761 

m 

St  Cloud,  Ml 

13.10 

8.01 

1,159 

- 

*«!*««  YJLL.M1M 

Houston,  TX 

10.30 

10.30 

1,304 

• 

&U*g2LUl  -•  BffldJJLSiiaL. 

Knoxvills,  IA 

19.47 

7.99 

'  i" . 

1,123 

• 
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TOTAL  CASES  LOST  WORKDAY  RUKSER  OF 
CALES  EMPLOYEES 

fUttion  VIII  -  Dcnvr 

Cheyerm* ,  WY  18,89  8,46  350 

F»«loa  X  -  S««ttla 

Aowrican  L«k«,  WA  6.83  8.83  332 
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N.  0.  Pire^evalustlan  activities:  scheduling,  evaluation  p Ian  pn*msr»tion. 
notifi action  letter  t»  apnajr  bead 
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orama  OGNRR&fCK 

2  Site  visits  begin 

5  Sit*  visits  completed 

8  R.O.  astsbllafrBsnt  findings  to  N.O./H.CL  headquarters  findings  on  fils 

11  *Rou|0ni"  draft  of  final  report  prepared 

12  N.  0.  supervisory  briefing 

13  CLOS1NO  CONFERENCE 

16  Draft  report  to  supervisor 

20  Draft  report  to  Dlreotor/CEDPAP 


26  FOWL  REPORT  TO  A0BNCY  HEAD 
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TNT  Equivalency 
Evaluation  of  Teat  Methods 


F.  L.  fIC INTYRE 

Computer  Sciences  Corporation 
National  Space  Technology  Laboratories 
NSTL  Station,  MS.,  39529 


’’TNT  Equivalency  is  defined  as  the  weight  of  a  TNT  hemisphere  which 
provides  the  same  free  field  peak  overpressure,  or  ratio  of  impulse  to  distance 
at  a  given  distance  as  produced  by  the  material  under  test."^  The  method 
for  determining  TNT  Equivalency  of  a  given  material  has  been  standardized  as 
outlined  in  DoD  Explosives  Hazard  Classification  Procedures  TB700-2,  dated 
March  1981,^  and  in  Structures  To  Resist  the  Effects  of  Accidental  Explosion 
TM5-1300/NAVFAC  P-397/AFM-88-22.  ^  The  two  methods  are  basically  similar. 

A  test  specimen  is  placed  at  ground  zero  on  a  steel  witness  plate  (fig.  1) 

in  similar  geometries  and  detonated  with  the  aid  of  a  booster  in  an  explosive 

train.  Airblast  parameters  (peak  pressure,  time  of  arrival,  positive  duration 

and  impulses)  are  measured  by  piezoelectric  or  piezoresistive  gages  and  then 

C3") 

compared  with  standard  hemispherical  reference  data.  This  curve,  which 
has  been  revised  for  more  recent  impulse  data/4^  is  currently  being  used  as 
the  reference  by  most  experimenters. 

The  standardized  test  method  requires,  as  minimum,  a  20  kHz  frequency 
response  recording  system.  Modern  state-of-the  art  measurement  systems  have 
an  average  frequency  response  of  500  kHz.  Systems  are  obtainable  for  a 
nominal  cost  having  frequency  response  of  2  MHz  and  systems  up  to  5  MHz  are 
available.  Thus,  with  the  advancements  in  state-of-art  equipment,  it  is  now 
possible  to  achieve  a  higher  degree  accuracy  with  better  resolution  and  greater 
precision  than  ever  before.  Stated  another  way,  it  is  now  possible  to  see  the 
actual  rise  of  the  pressure-time  profiles  without  sacrificing  any  other  part  of 
the  pressure-time  profile. 

A  study  was  conducted  by  McKown  and  Wilcox^  using  20  kHz,  80  kHz 
and  500  kHz  measurement  systems.  Their  results  are  summarised  in  figure  2, 
which  shows  that  frequency  response  can  limit  what  is  seen  and  reported.  The 
,  measured  value  of  the  peak  pressure  increased  with  an  increase  in  frequency 
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response.  Similar  results  were  also  obtained  by  the  author  when  calibrating 
a  new  instrumentation  system  using  hemispherical- shaped  composition  C4 
charges  and  comparing  these  values  to  another  instrumentation  system  that  had 
a  frequency  response  of  20  kR*  versus  $00  kHz.  The  poak  pressure  values  of 
the  20  kHz  system  were  exactly  one-half  of  the  measured  value  of  the  500  kHz 
system  at  the  same  scaled  distance  of  1.19  m/kg*^3  (3.0  ft/H>^®). 

Under  the  auspices  of  the  Army  Plant  modernization  program,  airblast 
data  were  obtained  on  approximately  44  explosives ,  propellants,  and  pyrotechnic 
materials.  ’  The  majority  of  the  explosive  and  propellant  data  were  measured 
by  100  kHz  and  $00  kHz  data  acquisition  systems.  Generally  the  values  reported 
were  significantly  greater  than  unity.  Many  of  the  materials  tested  were  in 
in-process  configurations  of  orthorhombic  or  cylindrical  containers  with  varying 
aspect  ratios  (L/D)  usually  greater  them  or  less  than  1:1.  The  data  were 
compared  to  the  standard  TNT  hemispherical  reference  curve;  such  a 
comparison  would  make  the  equivalency  values  for  the  test  material  seem  high. 

The  fact  that  the  geometries  are  not  always  similar  accounts  for  some  of  the 
differences.  ’  Secondly,  the  sample  material  was  placed  on  a  steel  witness 
plate  providing  for  a  standarized  reflecting  surface  at  point  source;  thus  the 
incident  and  reflected  wave  would  coalesce  to  yield  higher  pressure  and  impulse 
values  than  if  the  surface  at  ground  zero  were  a  perfect  absorber.  Charge 
shapes  such  as  orthorhombic  and  cylindrical  also  causes  variances  in  the  measure- 
ment  due  to  edge  effect.  Still,  all  of  these  factors  cannot  always  account 
for  higher- thap  predicted  pressure  and  impulse  values  often  noted  in  the 
experiments . 

McKown  conducted  a  study using  cast  TNT  hemispheres  ranging  from 

8.16  to  9.53  kg  (18  to  21  lb)  in  the  same  configurations  outlined  in  TM5-1300. 

His  results  indicated  that  peak  pressure  values  for  cast  TNT  hemisphere  were 

1/3 

greater  than  unity  at  all  scaled  distances  betwen  1.19  m/kg  (3.0  and 

1/3 

18.0  ft /lb  ).  TNT  equivalency  values  for  hemispherical  TNT  varied  from  a 

minimum  of  110  percent  to  a  maximum  of  157  percent  when  compared  to  the 
standard  reference  curve.  In  essence,  the  pressure  curve  shifted  to  the 
right  for  these  scaled  distances.  Impulse  values,  however,  did  not  follow 
exactly  the  same  trends;  at  scaled  distances  of  2.14,  3.57  and  7.14  m/kgI/3 

I/O 

(5.4,  9.0  and  18.0  ft /lb  )  impulse  values  were  greater  than  unity  (fig.  3). 
Although  McKown'a  study  was  only  preliminary  (due  to  the  limited  number  of 
tests),  it  is  possible  than  using  500  kHz  or  greater  measuring  systems  could 


cause  the  reference  curve  for  peak  pressure  values  to  shift  to  the  right. 
Additional  cast  hemisphere  tests  are  scheduled.  The  work  to  date  is  in  no 
way  intended  to  replace  the  current  standard  TNT  hemisphere  reference  data, 
but  rather  to  enhance  and  supplement  it.  Continued  use  of  existing  reference 
curves  is  warranted. 


The  data  obtained  for  the  Army  Plant  moderation  program  were  reported 
for  in-process  configurations  that  represent  real  situations  that  include: 

e  Rigid  reflecting  surfaces 

•  Varied  geometries  representing  small  and  large  aspect  ratios 

•  Bulk  and/or  cast  material 


Such  configurations  would  yield  higher  values,  which  may  represent  "worst 
case"  scenarios  that  do  in  fact  account  for  large  amounts  of  damage  even  in 
facilities  originally  designed  to  existing  standard  reference  curves.  What  had 
not  been  taken  into  account  previously  was  the  fact  that  the  data  generated 
for  the  modernisation  program  were  obtained  using  modem  state-of-the  art 
measurement  systems. 


SUMMARY  AND  CONCLUSIONS 


)  “^There  are  standarized  methods  for  determining  TNT  Equivalency. 


J, 

l 


With  modem  measurement  instrumentation,  it  is  possible  to  be  more 
precise  in  obtaining  pressure  and  impulse  values  because  of  greater 
resolution  and  accuracy. 

Preliminary  results  of  recent  cast  TNT  hemispherical  tests  indicate 
that  new  peak  pressure  values  versus  scaled  distances  could  shift 
the  standard  TNT  reference  curve  to  the  right. 

Airblast  parameters  measured  on  44  explosives,  propellants,  and 
pyrotechnics  indicated  higher  peak  pressure  and  impulse  values,  due 
primarly  to  geometries,  reflecting  surface,  and  state-of-the  art 
instrumentation  systems . 
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Munition/Bare  Charge  Equivalence  (MBCE)  in  Soli 
by  C.  E.  Joachim 

BACKGROUND 

Many  military  research  programs  performed  at  the  U.S.  Army  Engineer  Water¬ 
way  9  Experiment  Station  (WES)  and  other  Department  of  Defense  (DOD)  Laboratories 
require  information  on  the  blast  and  shock  characteriutlca  of  burled  and  partially 
buried  munitions  including  bombs,  artillery  and  mortar  rounds.  This  Information 
is  needed  to  analyze  the  survivability/vulnerability  of  protective  structures, 
such  as  bunkers  and  hardened  command  centers,  as  well  as  naturally  hard 
partially-burled  structures  such  as  runways,  bridge  piers,  and  abutments. 

Field  tests  often  must  be  conducted  to  support  or  verify  weapons  effects 
analyses,  either  on  model  or  full-scale  structures.  Substituting  bare  explo¬ 
sive  charges  for  actual  munitions  eliminates  fragment  hazards,  and  permits  test¬ 
ing  in  numerous  locations  which  are  frequently  more  economical  and  convenient 
than  the  remote  locations  needed  to  occomodate  weapon  fragments. 

OBJECTIVES 

The  objectives  of  the  work  discussed  in  this  paper  were  to '(4)  determine 
bare  explosive  charge  sizes  and  shapes  which  may  be  used  to  simulate  blast  and 
shock  effects  of  cased  munitions  against  buried  structures,  and  (8)  to  expand 
the  current  weapons  effects  data  base  for  cratering,  ground  shock,  and  soil 
stresses  produced  by  munitions. 


An  important  feature  of  the  MBCE  test  objectives  was  the  requirement  to 
obtain  data  in  realistic  environments,  i.e.,  representative  of  potential  combat 
regions.  It  was  determined  that  moist-to- wet  clayey  soils  with  shallow  water 
tables  would  best  typify  the  soil  conditions  generally  present  in  temporate 
and  tropical  regions,  such  as  the  European  and  South  East  Asian  theaters.  The 
MBCE  test  programs  were  conducted  at  the  White  Sands  Missile  Range  (WSMR) ,  NM 
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(MICE  I) ,  Fort  Polk,  LA  (MBCE  II),  and  Fort  Kuo*,  KY  (MBCB  III).  Although  th« 

WSMR  area  has  the  cur face  feature*  of  a  deaert,  tha  particular  site  chosen  at 
WSMK  had  a  aoll  profile  satisfying  the  MBCE  requirements. 

SCOPE  OP  TESTS 

During  the  KBCE  1  test  program,  fifteen  153-mra  and  twelve  105-na  artillery 
rounds,  eleven  4.2  in.  mortar  rounds,  and  twelve  C-4  bare  chargee  were  statically- 
fired.  Eleven  105-iws  and  ten  155-mm  rounds  were  live- fir «d.  The  statically-fired 
munitions  were  placed  in  two  basic,  geometries  as  shown  in  Table  1;  surf see- tangent 
(ST) — with  the  nose  of  the  round  on  the  surface;  and  surface  tangent  below 
(STB) — with  the  round  buried  with  the  tail  tangent  to  the  ourface.  Each  muni¬ 
tion  was  positioned  at  simulated  impact  angles  ranging  from  10  to  30  degrees 
for  the  artillery  rounds,  and  60  to  80  degrees  for  the  mortar  roundr.  The  C-4 
bare  charges  were  made  into  cubes  and  placed  with  one  face  on  or  parallel  to 
the  ground  surface. 

Selected  MBCE  I  tests  with  each  type  of  munition  and  hare  charge  simula¬ 
tions  were  instrumented.  Six  accelerometers  and  six  stress  gages  were  used  for 
each  test.  These  measurements  provided  a  comparison  of  transient  horizontal 
ground  motion  and  soil  stress  produced  by  each  munition  in  the  surrounding  free 
field  soil,  and  those  produced  by  bare  charge  simulations. 

The  MBCE  II  (Ft.  Polk,  LA)  test  program  consisted  of  44  detonations: 
mine  155-mm  artillery  rounds  (U.S.),  eight  152-mm  artillery  rounds  (USSR),  nine 
122-tmn  artillery  rounds  (USSR),  nine  105-mm  artillery  rounds  (U.S.),  und  nine 
C-4  bare  charges.  The  munitions  were  placed  in  four  basic  geometries  as  shown 
in  Table  1:  ST;  STB;  shallow  buried  (SB) — with  the  tail  of  the  weapon  0.76  m 
below  the  surface;  and  deep  buried  (DB) — with  the  tail  of  the  weapon  1.5  m 
below  the  surface.  The  ST  and  STB  artillery  rounds  were  positioned  at  a 
20  degree  impact  angle,  while  the  deeper  rounds  were  positioned  vertical. 
Characteristics  of  the  MBCE  I  and  II  munitions  are  given  in  Table  2.  As  in 
the  previous  series,  selected  tests  were  instrumented  for  soil  stress  and 
motion  measurements. 
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During  the  MBCE  111  (Ft.  Knox,  KY)  teete,  seven  MK-82  GF  boob*  (230  kg) 
end  six  MK-8A  GP  bomba  (1,000  kg)  were  statically  detonated  at  depth*  of  burst 
(DOB* a)  ranging  from  0.76  to  5.9  b.  A  summary  of  bomb  charge  weights  and 
dimensions  are  given  In  Table  3.  These  testa  did  not  Include  munltlons-bare 
charge  comparisons,  but  cooperative  cratering  data  in  moist  clayey  soils  for 
MK-82  GP  bomba  and  bare  charges  were  available  from  an  earlier  program  (Re¬ 
ference  1).  Selected  MBCE  III  teste  were  also  Instrumented  to  obtain  soil 
stress,  acceleration,  and  for  this  series,  sir  blast  data. 

BARE  CHARGES 

Preliminary  bare  charge  designs  were  baaed  on  two  sources;  some  limited 
data  from  previous  attempts  to  compare  bare  charges  and  munitions,  detonated 
in  sandy  soil  at  Fort  Banning,  GA,  (Reference  2)  and  other  data  for  bare  TNT 
charges  alone  (References  3  and  A).  Bare  charge  used  to  simulate  the  MBCE  I 
and  II  munitions  are  listed  in  Table  A.  Munition-bare  charge  simulations  were 
not  done  for  the  bomba  in  the  MBCE  III  test  series. 

The  bare  charges  used  to  simulate  the  ST  rounds  were  larger  than  the  net 
explosive  weight  of  the  round  simulated.  The  extra  explosive  compensated  for 
the  additional  soil  loading  produced  by  fragment  impacts  from  the  munition 
case.  The  remaining  burst  positions  (STB,  SB,  and  DB)  were  simulated  by  bare 
charges  approximately  equal  to  the  net  explosive  weight  of  the  round.  Frag¬ 
ment  impact  did  not  appreciably  influence  the  weapons  effects  for  the  buried 
rounds. 

RESULTS 

The  means  and  standard  deviations  were  computed  for  groups  of  static-fired 
shots  (Tables  5  and  6  for  MBCE  1  and  II,  respectively).  These  groups  represent 
each  combination  of  munition  type  and  burst  position  tested,  together  with  the 
appropriate  bare  charge  simulation.  Tire  MBCE  I  data  were  grouped  without  regard 
to  angle  of  impact.  The  test  results  indicate  that  the  angle  of  impact  (over  the 
range  investigated)  did  not  affect  crater  size.  The  mean  crater  diameter  for  the 


ST  103~*a  rounds  was  1.43  n  for  an  angle  of  Impact  of  10  dagraaa,  and  1.53  a  for 
an  angle  of  20  degress;  a  difference  of  leas  than  10  parcant.  Thin  difference  la 
smaller  than  the  standard  deviation  for  all  the  munitions  In  both  ST  and  STB 
configurations.  This  Implies  that  the  angle  of  Impact  has  little  effect  on  the 
level  of  soil  loading  produced  by  the  munition  detonation. 

A  graph  of  ecaled  MBCK  crater  dimensions  versus  scaled  depth  of  buret  for 
the  munitions  tested  is  given  in  Figure  1.  As  a  point  of  reference,  the  creter- 
ing  curve  for  GP  bombs  in  wet  clay  la  Included.  This  curve  was  taken  from  the 
1980  revised  version  of  Army  TM  5-855-1,  "Fundamentals  of  Protective  Design 
(Non-Nuclear)  (Reference  6),  which  reflects  the  "state-of-the-art"  guidance 
for  predicting  craterc  from  munitions  prior  to  the  MBCE  study.  For  the  most 
pert,  the  MBCE  data  closely  matches  the  old  GP  bomb  curve.  It  should  be 
remembered,  however,  that  the  buried  MBCE  munitions  and  the  GP  bombs  were  all 
fired  in  wet  clay. 

Excluding  the  other  munition  types,  the  MBCE  HI  bomb  tests  produced  craters 
that  were  somewhat  larger  than  the  old  bomb  craters,  with  the  disparity  increasing 
as  the  bomb  burial  depth  increased.  This  difference  is  probably  due  to  differences 
In  the  properties  of  the  cratered  soil.  It  is  well  known  that  higher  moisture 
contents  in  soil,  particularly  in  clay,  results  in  larger  craters  being  formed. 

The  moisture  content  of  the  "wet  clay"  material  referred  to  in  TM  5-855-1  is  not 
known,  but  at  the  Fort  Knox  site,  where  the  MBCE  III  bomb  tests  were  made,  It 
was  unusually  high. 

Crater  dimensions  for  155-mm  artillery  rounds  are  shown  as  a  function  of 
burst  height/depth  in  Figure  2.  The  cross-hatched  bands  are  drawn  to  contain 
90  percent  of  the  teat  data.  Similar  graphs  for  the  105-mm  artillery  and  the 
4.2-in.  mortar  rounds  are  shown  in  Figures  3  and  4.  The  cratering  curves  for 
the  Soviet  152-nun  and  122-nan  artillery  rounds  are  shown  in  Figure  5.  The  cross- 
hatched  bands  in  Figure  5  represent  the  90  percent  data  spreads  for  the  most 
comparable  U.S.  artillery  munitions;  i.e.,  the  Soviet  152-mm  data  is  compared 
against  the  data  spread  of  the  U.S.  155-mm  and  the  Soviet  122-mm  is  compared  to 
the  U.S.  105-mm. 

Crater  data  for  the  bare  C-4  explosive  charge  designed  to  simulate  the  blast 
effects  of  155-mm  munitions  is  presented  in  Figure  6.  The  accuracy  of  the  simu¬ 
lations  in  terms  of  crater  radius  and  depth,  are  evident  by  the  close  match  of 
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tha  simulation  charge  dam  points  to  tha  data  spraadl  (crcsa-hatchad  bands)  tot 
tha  155-ass  munitions. 

Bara  charge  simulation  mats  tor  tha  MK-82  bomba  wars  not  conductad  as  a 
part  of  tha  MBCX  Ill  taata  at  Fort  Knox.  However,  In  an  aarllar  taat  program 
conducted  at  Rayatown,  PA,  04  simulation  charges  vara  fired  along  with  MK-82 
bomba  to  develop  cratering  data  for  tha  MK-82  weapons  (Reference  1).  Although 
tha  silty  clay  soil  at  Rayatown  was  not  ae  wet  as  that  at  Fort  Knox,  the 
monition /bare  charge  equivalency  values  for  cratering  developed  in  tha  Rayatown 
testa  provide  a  suitable  base  for  designing  MK-82  bare  charge  simulations. 

Figure  7  compares  the  MK-82  and  hare  charge  craters  at  Rayatown  with  the  HBCE 
bomb  craters.  The  fset  thst  the  Rayatown  craters  were  about  20  percent  smaller 
is  attributed  to  the  slightly  dryer  (and  more  typical)  Rayatown  soil. 

In  the  MBCE  I  series,  measurements  were  made  of  craters  from  eleven  live- 
fired  105-tnm  rounds  and  ten  155-nsn  rounds  (Reference  6).  The  105-mm  craters 
averaged  0.33  ta  in  depth  and  1.05  m  in  diameter  and  the  155-san  craters  averaged 
0.55  m  in  depth  and  1.73  m  in  diameter  for  contact  fuze  detonation.  The 
average  crater  diameters  for  llve-fired  rounds  were  about  30  percent  smeller 
than  those  for  statically- fired  rounds  in  the  ST  position  The  average  crater 
depths  from  the  live-  and  statically-fired  rounds  match  very  well.  From  the 
Fort  Benning  teat  data,  it  was  shown  that  static-fired  4.2-in.  mortar  rounds 
in  the  ST  position  produced  craters  very  close  in  size  and  shape  to  those  from 
the  live-fired  rounds. 

The  peak  soil  stress  and  acceleration  data  from  MBCE  I  and  II  are  plotted 
versus  scaled  range  in  Figures  8  through  10,  The  peak  data  as  shown  in  the a - 
figures  show  considerable  scatter.  Although  exact  values  do  not  match  at  iden¬ 
tical  positions,  the  peak  for  the  munitions  and  the  bare  charges  are  of  the  same 
order  of  magnitude  and  show  the  same  degree  of  scatter.  Therefore,  it  is  con¬ 
cluded  that  the  comparison  between  the  MBCE  artillery  rounds  and  the  C-4  HE  bare 
charge  simulations  shows  substantially  the  same  results.  (Note:  The  term  "over¬ 
driven,"  as  used  in  these  figures,  indicates  that  the  actual  peak  exceeded  the 
maximum  range  of  the  gage  and/or  recording  system.  Therefore,  only  the  maximum 
recorded  value  is  plotted.) 

Peak  soil  stress  and  acceleration  data  from  the  MBCE  III.  bomb  tests  are 
plotted  versus  scaled  slant  range  In  Figure  11.  The  data  appear  to  fall  into 
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tiro  group* ;  that  fro*  bomb a  burlod  at  lass  than  2.5  ■  DOB  and  that  fro*  dsspcr 
shots.  Tho  scatter  in  peak  soil  straas  data  fro*  shots  at  laps  than  2.5  *  DOB 
Is  ballavad  to  ba  due  to  diffarancas  in  tha  burial  depth  of  gagas.  Those 
gages  closer  to  the  surface  recorded  lower  peak  values  because  of  change*  in 
soil  properties,  particularly  moisture  content,  and  wave  refraction  at  the 
naarby  free  surface.  Tha  peak  data  fro*  shots  below  2.5  a  DOB  era  from  gagt-e 
located  et  or  osar  the  bcneb  DOS's,  in  saturated  material  below  the  water 
table.  These  geges  ware  often  overranged  bacause  of  tha  intinate  coupling  of 
tha  gage  into  the  saturated  soil  and  the  extreme  shock  transmission  efficiency 
of  the  saturated  Materiel. 

The  equivalent  bare  charge  for  a  particular  munition  is  that  quantity  of 
explosive  which,  when  placed  in  a  similar  position,  produces  a  similar  size 
crater  and  a  similar  soil  loading..  When  a  bare  charge  simulation  failed  to 
produce  a  crater  of  the  desired  size  in  the  MBCE  testa,  the  charge  weight  was 
adjusted  using  cube  root  scaling.  A  tabulation  of  the  recommended  C-4  bare 
charge  equivalents  for  the  munitions  tested  during  the  MBCE  test  program  is 
given  in  Table  7.  These  recommendations  take  into  account  the  data  trends  as 
well  as  the  Individual  munition/bare  charge  crater  comparisons. 

Munition/bare  charge  equivalence  is  heavily  dependent  on  the  munition 
position.  In  general,  more  explosive  is  required  to  simulate  a  munition  in  an 
ST  burst  position,  where  fragment  impact  boo3ts  the  level  of  effects,  than  one 
below  the  surface.  An  exception  is  noted  in  Table  7,  where  twice  as  much 
explosive  was  required  to  simulate  the  buried  4.2-in.  mortar  round.  The  high 
angle  of  impact  (60  to  80  degrees)  for  this  munition  places  the  c.g.  of  an  ST 
round  much  higher  above  the  surface  than  a  bare  charge  (because  of  the  length 
of  the  munition)  and  directs  the  fragment  dispersion  laterally,  rather  than 
into  the  ground.  Thus,  a  small  bare  charge  on  the  surface  very  effectively 
simulates  the  4.2-in.  mortar.  When  the  same  round  is  placed  in  the  ground 
(STB),  a  much  larger  charge  is  required  for  simulation. 

CONCLUSIONS 

The  MBCE  teste  satisfied  the  program  objectives  in  providing  the  following 
information: 
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(1)  Cratering  equivalency  between  live-  and  static-fired  artillery  rounds. 

(2)  Equivalency  comparisons  between  static-fired  munitions  and  bare  charges 
for  both  cratering  and  soil  stress/motion  effects. 

(3)  Improved  basic  effects  data  (cratering  and  noil  atreus/taotlons)  for 
munitions  for  inclusion  in  military  manuals. 

Conclusions  developed  from  the  study  results  also  include  the  following: 

(1)  Site-to-site  variations  in  soil  properties  have  little  effeet  on  bare 
charge  equivalence  factors  for  simulating  a  given  munition  In  a  given  burst 
position. 

(2)  The  impact  Into  the  ground  of  fragments  from  munitions  detonated  on 
or  above  the  surface  is  a  major  contributor  to  the  level  of  weapon  effects 
produced  in  the  ground. 

(3)  Because  of  the  above,  the  bare  charge  equivalence  for  a  given  muni¬ 
tion  changes  as  the  munition  height  of  burst  changes,  and 

(4)  Major  changes  in  the  orientation  (i.e.,  actual  or  simulated  impact 
angle)  of  a  munition  detonated  on  or  above  the  ground  surface  will  change  the 
level  of  effects  produced  in  the  soil,  as  well  as  the  bare  charge  equivalence. 
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TABLE  2.  SURFACE  WuNJTION  CHARACTERISTICS 
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Tabu-.  4.  Caparison  of  Munition  and  Bare  Charge  Simulation 
Net  Explosive  Weight  MTCE  I  and  II 


Net  Explosive  SmAUOMJta^^ 


MlUflU  -JfelCHI _  GEQttIRY 

KG 

mu 

KG 

MBCE  II 

KG 

155-hm  artillery  7.08  ST 

T2 

]? 

STB 

7.3 

6.8 

SB 

6.8 

DB 

6.8 

105-mm  artillery  2.20  ST  4.5 

STB  2.3 

3.54  ST  L8 

STB  3.6 


4,2  IN.  MORTOR 


TABLE  5,  AVERAGE  CRATER  DIMENSIONS,  MBCE  I  SERIES  (WSMR) 


Average 

Standard 

Average 

Standard 

Munition 

6EQM£m_. 

Qiameies 

M 

Deviation 

M 

-Deehl. 

M 

DfY.IAI.IQM 

M 

155-mm 

ST 

2.02 

0.10 

0.57 

0.13 

12- kg  C-A 

ST 

1,80 

0 

0.51 

0.01 

155-mm 

STB 

2.36 

0.11 

0.75 

0.11 

7.3-kg  C-A 

STB 

2.10 

0 

0.65 

0.03 

105-mm 

ST 

1.A8 

0.17 

0.30 

0.03 

A. 5- kg  C-A 

ST 

1.15 

0.07 

0.32 

0.05 

105-mm 

STB 

1.88 

0.15 

0.53 

0.10 

2. 3 -kg  C-A 

STB 

1.30 

0.28 

0.A5 

0 

A. 2  in. 

ST 

0,72 

0.15 

0.19 

0,05 

1.8-kg  C-A 

ST 

C.90 

0 

0,22 

0.0A 

A. 2  in. 

STB 

2.18 

0.2A 

0.76 

0.12 

3.6-kg  C-A 

0.3-m  DOB 

1.85 

0.07 

0.60 

0.07 
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TABLE  6.  AVERAGE  CRATER  DIMENSIONS,  MBCE  II  SERIES  (FT.  POLK) 


Average 

Standard 

Average 

Standard 

HuMiiifln 

Geometry.. 

Diameter 

M 

PEyiATlOM 

M 

-Qeeitl. 

m 

DmMlQN. 

M 

155-mm 

ST 

2.57 

0.0971 

0.53 

0.0153 

155~mm 

STB 

2.50 

0.7229 

0.68 

0.1311 

155-mm 

SB 

5.01 

0.25A5 

1.18 

0.1273 

155-mh 

DB 

2.86 

— 

0.66 

— 

105-mm 

ST 

1.51 

0.25 

0.29 

0.0153 

105-mm 

STB 

2.56 

0.A571 

0.62 

0.13A5 

105-mm 

SB 

2.68 

0.1697 

0.665 

0.0A95 

105-mm 

DB 

2.18 

— 

0.63 

— 

12 -kg  C-A 

ST 

2.18 

0.3050 

0.69 

0.0173 

6.8-kg  C-A 

STB 

2.91 

0.0707 

0,93 

0.0778 

5.8-kg  C-4 

SB 

5.58 

0.6718 

1.1  A 

0.0707 

6.8-kg  C-A 

DB 

3.9 

0 

0.8A 

0,1212 

122-mm 

ST 

1.83 

0.2AA8 

0.39 

0.07A2 

122-mm 

STB 

2.25 

0.167A 

0.60 

0.1586 

122-mm 

SB 

2.71 

— 

0.81 

— 

152 -mm 

ST 

2.05 

0.11A3 

0.38 

0.0529 

152-mm 

STB 

2.51 

0.2777 

0.68 

0.07AA 
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figure  3.  Crater  dimensions  as  a  function  of  munition  depth  of 

burst  for  105-nsa  artillery  rounds,  MBCE  I  and  II  series 
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Crater  dimensions  for  bare  charges  designed  to  simulate 
155-mm  artillery  rounds,  compared  to  data  spreads  from 
actual  155-ibb  munition  tests. 
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rigure  10.  Peak  horizontal  stress  and  acceleration  versus  scaled  range 
to*-  SB  122-mss  and  105-nms  munitions,  K8CE  II. 
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Figure  11.  Peak  horizontal  stress  and  acceleration  versus  scaled  slant 

range  for  MK-82  and  MK-84  GF  hctnh,  MBGE  ill/Cable  Vulnerability 
Study. 
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ABSTRACT 


This  paper  presents  the  results  of  a  limited  study  designed  to  determine 
the  TNT  equivalency  of  Pentolite  hemisphere  detonated  on  a  sand  base.  Three 
Pentolite  charges  with  an  average  mass  of  1.120  kg  and  two  TOT  charges  with  an 
average  mass  of  1.146  kg  were  detonated  over  a  sand  base  where  blast  parameters 
were  measured  along  two  blast  lines.  An  average  value  of  the  TNT  equivalency 
of  Pentolite  based  on  peak  overpressure  is  1.11.  The  value  based  on  impulse 
is  1.07. 
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I.  INTRODUCTION 


A.  Background 

Airblast  parameters  fro*  the  detonation  of  hemispherical  TNT  charges 
have  been  well  documented  in  Reference  1  for  yields  ranging  from  4536  kg 
to  4S3590  kg.  Those  charges  were  detonated  at  the  center  of  the  flat- 
side  which  was  placed  on  a  clay  surface.  Airblast  parameters  from  t^e 
detonation  of  spherical  TNT  charges2  and  spherical  Pentolite  charges1  in 
free-air  have  al:n  boon  well  documented  but  there  is  a  lack  of  data  from 
the  detonation  of  Pentolite  hemispheres  on  the  surface.  The  TNT  equiva¬ 
lency  of  Pentolite  is  listed  in  Reference  2  as  1.17  based  on  peak  over¬ 
pressure  and  1 . IS  based  on  overpressure  impulse.  When  using  Pentolite 
to  simulate  TNT  on  one  of  the  small  scale  model  tests4  the  equivalency 
values  listed  above  did  not  appear  to  be  valid  for  surface  burst  hemis¬ 
pheres. 

B.  Objectives 

Because  of  the  differences  noted  in  Reference  4,  the  Department  of 
Defense  Explosives  Safety  Board  (DDESB)  agreed  to  sponsor  an  experimental 
program  at  the  Ballistic  Research  Laboratory  (BRL)  to  determine  the  TNT 
equivalency  of  Pentolite  hemispheres.  The  test  area  used  in  Reference  4 
had  a  sand  base  and  therefore  the  current  series  of  tests  were  also  conducted 
over  a  controlled  sand  base.  This  will  determine  any  difference  in  blast 
output  for  TNT  hemispheres  detonated  over  sand  and  the  established  standard 
curves  where  the  charges  were  detonated  over  a  clay  base,  as  well  as  es¬ 
tablish  a  TNT  equivalency  for  Pentolite  detonated  over  sand. 


II.  TEST  PROCEDURE 

Discussed  in  the  test  procedures  are  three  areas  required  for  this  ex¬ 
perimental  program.  They  are:  The  site  preparation,  the  test  charges, 
and  the  instrumentation. 


1 C,  N.  Kingery ,  "Air  Blast  Parameters  versus  Distances  for  Hemispherical 
TNT  Surface  Burst,  "  BRL  Report  No.  1344,  September  1966. 

2 

"Structures  to  Rests t  the  Effects  of  Accidental  Explosions,"  Dept,  o“  the 
Army  Technical  Manual,  TM5-1300,  June  1969. 

3 

H.  G.  Goodman,  "Compiled  Free-Air  Blast  Data  on  Bare  Spherical  Pentolite 
BRL  Report  No.  1092,  February  1960. 

^ Charles  Kingery,  and  George  Watson,  "Blast  Leakage  int-o  Hardened  Aircraft 
Shelter  Models,  "  Tech  Report  ARBRL-TR-  02392,  February  ''982. 
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A.  Tost  Site 


The  test  site  was  designed  for  imU  charge  programs.  The  blast  lines 
have  a  heavy  crushed  rock  base  with  a  fine  crushed  gravel  on  top  of  that 
and  finished  with  a  sand  layer  approximately  20  cm  thick.  Two  blast  lines 
were  instrumented  for  this  series  of  tests  to  check  the  symmetry  of  the 
blast  wave  as  it  propogated  from  ground  *ero,  defined  to  oe  the  center  of 
the  flat  side  of  the  hemisphere.  A  photograph  of  the  test  charge  and  close- 
in  station  is  presented  in  Figure  1.  A  test  layout  showing  the  gage  station 
locations  on  the  two  blast  lines  is  shown  in  Figure  2. 

B.  Test  Charges 

1.  Pentolite  Charges.  The  Pentolite  charges  (SO  PETN/50  TNT)  were  cast 
at  the  Hot  Melt  Laboratory,  a  high  explosive  casting  facility  at  the  BRL. 

The  mass  of  the  three  charges  were  1134.1  gm,  1125.4  gm,  and  1128.1  gm  giving 
an  average  of  1129.2  gm  which  was  used  for  the  cube  root  scaling.  A  small 
hole  was  cast  in  the  center  of  the  flat  face  for  insertion  of  the  detonator. 
All  charges  went  high  order  and  produced  consistent  results. 

2.  'TNT  Charges.  A  total  of  four  TNT  charges  was  cast  for  use  on  this 
series  of  tests.  *ttie  first  TNT  test,  configuration  is  shown  in  Figure  3A. 

The  detonator  was  placed  with  the  ond  flush  against  the  PBX  booster.  This 
resulted  in  a  low  order  detonation  and  therefore  the  booster  configuration 
was  changed  for  the  next  TNT  test.  The  plastic  ring  detonator  holder  was 
replaced  with  a  ring  of  Comp  B  as  shown  in  Figure  3B.  This  configuration 
did  not  result  in  an  acceptable  detonation,  so  the  last  two  charges  were 
modified  to  take  a  small  hemispherical  charge  of  Pentolite  as  the  booster. 
This  booster  configuration  shown  in  Figure  3C  was  successful  in  producing 
two  high  order  detonations.  The  two  successful  test  charges  were  1151  gm 
and  1141  gm  mass  giving  ait  rverage  value  of  1146  gm. 

C.  Instrumentation 


Established  procedures  for  airblast  instrumentation  at  the  BRL  were 
followed  for  this  series  of  tests.  The  blast  transducers  were  PCB  Piez- 
otronics  Series  X13A,  with  quartz  crystal  sensing  elements  and  built-in 
voltage  amplifiers.  The  transducers  were  mounted  in  lead  bricks  with  nylon 
brushing  to  electrically  insulate  the  transducer  from  ground.  The  bricks 
were  buried  in  the  sand  with  the  top  face  flush  with  sand  surface  as  shown 
in  Figure  1.  The  signal  cables  were  buried  to  a  depth  sufficient  to 
eliminate  any  disturbances  that  might  be  generated  from  the  blast  wave  or 
ground  shock. 

Honeywell  760C,  80  kHz,  FM  tape  recorders  were  used  to  record  and  play¬ 
back  the  pressure  versus  time  signals  from  the  transducer.  A  Honeywell  1858 
CRT  Visicorder  was  used  to  transfer  the  data  from  the  tape  to  an  analog 
form  for  a  quick  locx  of  the  results  at  the  test  site. 

For  the  final  data  output,  the  tape  signals  were  processed  through  ar. 
analog  to  digital  converter,  to  a  digital  recorder  reproducer,  then  to  a 
computer.  The  computer  was  programmed  to  apply  the  calibration  values  and 


present  the  data  in  the  proper  units  for  analysis.  Fro*  the  computer  the 
data  is  put  on  a  digital  tape  fro*  which  the  final  for*  can  be  plotted  or 
tabulated „  The  digital  tape  can  also  be  stored  for  future  analysis., 


III.  RESULTS 

The  results  will  be  presented  in  the  for*  of  tables  and  graphs  and 
direct  comparisons  will  be  asde  between  the  two  explosives.  The  blast  para 
meters  to  be  coapared  are  shown  in  Figure  4.  A  table  of  blast  parameters 
versus  scaled  distance  fro*  Reference  1  has  been  converted  to  Metric  units 
and  presented  in  Appendix  A  for  comparison  with  the  following  results. 

A.  TOT  Results 


The  measured  TNT  blast  parameters  obtained  fro*  Test  6  and  Tost  7  are 
listed  in  Table  I  in  metric  units.  The  average  of  values  fro*  Table  I  have 
been  listed  in  Table  II  and  scaled  to  1  kg.  For  ease  in  comparing  the 
average  values  with  standard  references,  the  results  in  Table  I  have  also 
been  converted  to  English  units,  scaled  to  1  ponnd  mass  and  listed  in 
Table  III.  The  first  three  gage  locations  0-1,  0-2,  and  90-1  were  not 
instruaented  after  the  first  two  tests  because  the  bricks  were  blown  out  of 
position  causing  gage  damage  and  questionable  results. 

B.  Pentolite  Results  j 

Presentation  of  the  Pentolite  blast  parameters  will  be  in  the  same 
format  as  used  for  TNT.  Measured  data  from  Tests  2,  3,  and  4  are  listed 
in  Table  IV.  The  average  values  of  the  results  in  Table  IV  have  been  scaled 
to  1  kilogram  and  listed  in  Table  V.  The  same  values  in  English  units  have 
been  scaled  to  one  pound  mass  and  listed  in  Table  VI. 

C .  Comparison  of  Arrival  Times 

The  arrival  time  of  the  blast  wave  at  Che  gage  stations  along  the 
blast  lines  is  a  good  indication  of  the  symmetry  of  the  blast  wave  as  well 
as  differences  in  the  yield  of  two  explosives.  Data  listed  in  Tables  II 
and  V  are  plotted  in  Figure  5.  The  only  significant  differences  in  arrival 
times  noted  in  Figure  5  are  at  the  first  three  stations  where  the  average 
arrival  times  for  the  Pentolite  tests  are  shorter  than  the  average  arrival 
times  for  TOT.  This  would  imply  a  higher  shock  front  velocity  and  a  higher 
peak  overpressure.  At  many  of  the  stations  the  recorded  values  overlap. 

At  Station  90-5  the  TNT  values  of  arrival  time  are  5.28  and  5.31  ms  while 
the  Pentolite  values  are  5.24,  5.17,  and  5.29  ms.  This  shows  that  the 
values  overlap,  although  the  average  value  for  TNT  is  greater  than  the 
average  value  for  Pentolite.  The  solid  line  is  plotted  from  values  taken 
from  Reference  1.  These  values  are  listed  in  Table  A-I  of  Appendix  A. 

D.  Comparison  of  Peak  Overpressures 

The  average  peak  overpressures  recorded  along  the  blast  lines  from  the 
TNT  and  Pentolite  tests  are  listed  in  Tables  II  and  V.  The  values  from  these 
tables  are  plotted  in  Figure  6.  The  peak  overpressures  recorded  at  the  first 
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:  Average  Charge  Mass  Q  =  1.146  kg  TNT 


II.  TNT  Blast  Paraaeters  Scaled  to  1  kg 
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three  stations  plotted  in  Figure  6  show  that  the  Pontolite  tests  gave  higher 
peak  values  than  the  TNT  tests.  Beyond  the  first  three  stations  the  trend 
is  not  consistent.  There  are  three  stations  where  the  measured  peak  over- 
pressuro  values  overlap,  three  stations  where  the  TNT  values  are  higher,  and 
two  stations  where  the  Pentolite  values  of  peak  overpressure  are  higher. 

Also  plotted  in  Figure  6  aro  the  peak  overpressure  values  versus  scaled 
distance,  for  TNT  hemispheres  tested  over  hard  packed  clay  surface,  taken 

from  Table  A- I. 

* 

E.  Comparison  of  Overpressure  Impulse 

The  overpressure  impulse  (I)  as  shown  in  Figure  4  is  the  area  under  the 
overpressure  versus  time  cur/e  recorded  at  a  specific  station.  Impulse 
values  jfor  each  test  and  each  station  are  listed  in  Tables  I  and  IV.  The 
average  values  from  Tables  I  and  IV  have  been  scaled  to  1  kg  and  listed  in  II 
and  V .  These  values  have  been  plotted  in  Figure  7  where  direct  comparisons 
can  be  made.  Of  the  twelve  stations  instrumented,  nine  recorded  values  that 
overlapped  between  the  two  explosives.  At  one  station  the  TNT  impulse  value 
was  higher  and  at  two  stations  it  was  lower  than  the  Pentolite  impulse  value. 

Thd  solid  curve  in  Figure  7  is  taken  from  Table  A-I  which  was  converted 
from  Reference  1. 

F.  Comparison  of  Overpressure  Duration 

The  duration  of  the  overpressure  pulse,  t  ,  as  shown  in  Figure  4  is  listed 
for  each  shot  in  Tables  I  and  IV.  The  average  values  were  scaled  to  1  kg 
and  are  listed  in  Tables  II  and  V.  The  scaled  durations  versus  scaled  dis¬ 
tance  are  plotted  in  Figure  8  for  the  two  explosives.  Ten  of  the  twelve 
stations  have  values  of  t  that  overlap. 

The  scaled  duration  versus  scaled  distance  plot  has  the  same  trend  as 
the  stand^j^  plot  with^t^e  exception  of  the  values  between  a  scaled  distance 
of  1  m/kg  to  2  m/kg  '  .  The  measured  values  from  these  small  charge  tests 

are  lower  at  all  stations  except  the  first  two.  No  reason  is  given  for  this 
phenomenon. 

G.  Equivalent  Mass  Factors  (EMF),  Peak  Overpressure-Distance 

The  TNT  equivalency  or  the  EMF  of  an  explosive  relative  to  TNT  is  defined 
in  this  report  as  the  mass  (kg)  of  a  hemispherical  TNT  charge  required  to 
produce  a  specific  blast  parameter  at  a  given  distance  as  a  1  kg  charge  of 
Pentolite. 


1  kg  Pentolite  =  EMF  (1  kg  TNT) 

Assuming  that  cube  root  scaling  applies,  the  equivalent  mass  factor  based  on 
peak  overpressure  can  be  determined  by  selecting  the  mean  peak  overpressure, 
Pp,  for  Pentolite  at  a  mean  scaLed  distance,  D  from  Table  V.  Then  from  an 
expanded  plot  of  peak  overpressure  versus  scaled  distance  for  TNT,  from  Table 
II,  a  scaled  distance  (D„)  at  which  the  same  peak  overpressure  occurs  for  TNT 
is  obtained.  The  equivalent  weight  factor  EMc=(Dp/nT)3 .  These  values  are 


1697 


listed  in  Table  VII.  The  peak  overpressures  used  for  this  BMP  determination 
were  from  2080  kPa  (S02  psi)  down  to  5.48  kPa  (0.795  psi) .  The  equivalent 
mass  factors  listed  in  Table  VII  are  plotted  in  Figure  9  as  a  function  of 
scaled  distance.  The  average  value  for  the  range  considered  is  1.11,  which 
is  slightly  less  than  the  accepted  value  of  1.17  published  in  Reference  2  for 
free-air  TNT  equivalency  of  Pentolite. 


Calculations  were  also  made  to  determine  the  EMF  of  Pentolite  compared 
to  the  standard  TNT  hemispherical  surface  burst  data  from  Reference  1.  These 
EHF's  (Dp/O^sJ  Rr®  *n  Column  6  of  Table  VII.  The  mean  value  of  the 

last  nine  stations  is  1.08.  This  is  smaller  than  determined  for  the  TNT  and 
Pentolite  tested  over  sand.  The  values  in  Table  VII  ere  plotted  in  Figure 
10  as  a  function  of  scaled  distance. 


A  third  equivalent  weight  factor  of  interest  was  the  comparison  of  the 
TNT  hemispherical  charge  tested  over  sand  and  the  large  scale  TNT  charges 
fired  over  hard  packed  clay.  These  EMF's  are  listed  in  column  seven  of  Table 
VII.  The  mean  value  of  0.97  based  on  the  last  nine  stations  means  that  0.97 
kg  of  TNT  detonated  over  hardpacked  clay  would  give  the  same  average  peak 
overpressures  as  1  kg  detonated  over  sand.  The  values  of  EMF  from  column 
seven  of  Table  VII  are  plotted  in  Figure  11. 

H.  Equivalent  Mass  Factors  (EMF),  Impulse-Distance 

The  determination  of  the  EMF  for  Pentolite  based  on  overpressure  impulse 
(I_)  is  one  of  the  objectives  of  this  project.  Since  the  impulse  and  dis¬ 
tance  are  both  scaled  by  the  cube  root  of  the  mass,  of  the  explosive,  the 
following  approach  was  taken.  A  ratio  of  the  Pentolite  impulse  I  and  the 
scaled  distance  (D  )  from  Table  V  is  calculated.  A  reference  TNT  impulse 
(I-.)  verses  scaled^distance  (D_.)  curve  based  on  data  from  Table  II  is  then 
searched  to  find  an  equal  ratio  of  impulse  1^,  and  distance  D„.  The  distance 
(D„)  at  which  a  ratio  equal  to  the  reference  ratio  is  determined  is  then 
used  as  in  the  previous  section  to  determine  EMF  from  (Dp/H  )  .  The  results 
of  these  calculations  are  listed  in  Table  VIII.  The  EMF  aetemnined  from  the 
impulse-distance  values  are  plotted  in  Figure  9.  The  average  EMF  determined 
from  the  last  nine  stations  is  1.07,  which  is  less  than  the  value  of  1.15 
published  in  Reference  2  for  free-air  TNT  equivalency  of  Pentolite, 

Pentolite  charges  are  usually  used  at  the  BRL  for  model  tests,  to 
simulate  blast  propogation  and  structure  loading,  although  TNT  is  the  usual 
explosive  source  on  a  full-size  test.  Therefore  it  is  of  interest  to  de¬ 
termine  the  TNT  equivalency  of  Pentolite  and  the  standard  curve  from  Ref¬ 
erence  1.  The  previously  described  method  was  used  and  the  EMF's  are  listed 
in  column  9  of  Table  VIII.  The  mean  value  of  0.80  based  on  the  last  nine 
stations  implies  that  it  would  require  only  0.80  kg  of  TNT  detonated  over  a 
hard  packed  surface  to  produce  the  impulse  that  1  kg  of  Pentolite  would  pro¬ 
duce  when  detonated  over  sand.  EMF  values  from  Table  VIII  are  plotted  in 
Figure  10. 

The  third  comparison  to  be  made  is  the  TNT  hemisphere  detonated  over 
sand  and  one  detonated  over  hard  packed  clay.  In  Figure  7  it  can  be  seen 
that  the  scaled  impulses  versus  scaled  distance  for  TNT  hemispherical  charges 
fired  over  a  sand  base  are  in  general  lower  than  the  values  based  on  data 
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Distance  per.tolite  on  Sand,  c/kg1' 
Distance  TNT  on  Sand,  m/kg1,/3 
Distance  TNT  Standard  Curve,  m/kg 
Pentolite  peak  overpressure  kPn 


TAB  LB  VIII.  Equivalent  Mass  Factors,  Impulse-Distance 


r-f  w  rn  w*a?*sRs^-M* 
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from  l*.’#e  scale  teus  fired  over  a  hard  packed  clay  base.  The  equivalent 
weight  factor  can  be  seen  in  Table  IX  where  the  data  recorded  £tw*  this  aeries 
of  tests  are  coapared  with  date,  compiled  from  large  scale  TNT  tests  ranging 
from  4536  to  453590  kg.  The  mean  value  of  the  BMP's  based  on  the  lest  nine 
stations  is  u,80  which  implios  that  a  0.80  kg  TNT  hemisphere  fired  over  hard 
packed  clay  would  produce  the  same  impulse  as  X  kg  fired  over  hard  packed  sand. 

xisons 

As  mentioned  in  the  proceeding  text,  many  of  the  stations  hod  peak  over¬ 
pressure  values  thnt  overlapped  between  the  TNT  and  Pentoiite  tests.  This 
section  will  present  some  selected  records  from  specific  stations  to  illustrate 
the  similarities  between  the  detonation  of  a  TNT  hemisphere  and  a  Pentoiite 
hemisphere  on  a  sand  basa. 


1.  TNT  vi.  Pentoiite,  Station  0-3.  A  comparison  of  the  overpressure  versus 
time  recorded  at  "Station  XT  presented  in  Figure  12  to  shew  the  similarity 
between  the  two  explosives  at  &  distance  of  9.24Gm. 

2.  TNT  vs  Pentoiite,  Station,  90-2.  In  Figure  13  a  comparison  is  pre¬ 
heated  tc7  sHowTagai-i  the  sin.liarity  in  the  overpressure  versus  time  recorded 
at  a  0.413m  horizontal  distance. 

3.  Pentoiite  vs  Fsntolite,  90-2.  At  some  stations  there  was  a  greater 
variation  in  the  r  epeat  tests  "withlEhe  same  explosive  than  between  different 
explosives.  This  is  shown  in  Figure  14  whore  the  overpressure  versus  time 
from  Shot  2  and  Shot  4  both  Pentoiite  tests,  ..re  presented.  Similar  diff¬ 
erences  are  also  evident  when  comparing  two  TN7  tests  especially  at  the  close- 
in  stations. 

"rMT  vs  Pentr,|i»e,  Str.tion  90-5.  At  a  distance  of  3.72m  the  test  re- 
pe<  "tHo  .  •  exj..  ••  ‘  e,  and  the  similarity  of  the  two  different 

explc  j.ves  n  shown  in  Figure  The  primary  difference  is  in  the  time  of 

arrival  of  the  second  shock.  Frot,  Tabl  T  •«nd  IV  the  values  of  peak  over¬ 
pressure  and  impulse  listed  for  Static n  9u-5  .  the  excellent  correlation 

between  the  two  explosives  as  well  as  the  re  yea.  jj  i  it.y  of  the  same  explosive. 


IV.  DISCUSSION  AND  CONCLUSIONS 

The  data  presented  in  the  Results  section  and  the  calculated  equivalent 
mass  factors  are  based  on  a  very  limited  number  of  tests.  Therefore,  some  of 
the  conclusions  presented  cculd  change  if  larger  samples  were  available  to 
analyze. 

A.  TNT  vs  Pentoiite  over  Sand 

One  of  the  primary  objectives  of  this  report  was  to  determine  the  TNT, 

EMF  ior  Pentoiite  hemispheres  detonated  on  a  sand  base.  The  results  of  these 
tests  are  that  it  would  require  1.11  kg  of  TNT  to  produce  the  blast  over¬ 
pressure  from  1.0  kg  Pentoiite. 


Teak  Overpressure  versus  Time  Co1 
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The  TNT  BHF  for  Pentolite  based  on  impulse-distance  criteria  was  de¬ 
termined  to  be  1.07.  The  scaled  overpressure  inpulae  versus  scaled  dis¬ 
tance  presented  in  Figure  7  show  a  very  good  correlation  between  the  two 
explosives  but  the  detailed  analysis  indicates  a  aeon  difference  of  *  four 
(4)  percent. 

B.  P-mtolite  over  Sand  vs  TNI1  over  Clay 

The  TNT  blast  parameters  for  hemispherical  charges  tested  over  clay  as 
presented  in  Reference  1  are  used  as  a  standard  for  DDESB  quantity-distance 
criteria.  Pentolite  hemispheres  are  used  for  model  studies  conducted  over 
a  sand  base  at  the  BRL  and  therefore  it  is  necessary  to  establish  the  equiva¬ 
lent  mass  factors  for  these  conditions.  From  Table  VII  it  was  established 
that  the  TNT  (standard)  EMF  for  Pentolite  based  on  a  peak  overpressure 
criterion  is  1.08,  but  based  on  an  impulse  criteria  it  is  0.80.  This  means 
that  1.08  kg  of  TNT  on  a  clay  surface  would  simulate  1.0  kg  of  Pentolite 
(peak  overpressure)  on  sand  but  that  it  would  require  only  0,80  kg  TNT  on 
clay  to  simulate  1.0  kg  of  Pentolite  (impulse)  on  sand. 
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-  Impulse  TNT  Clay,  kPa-ms/kg 
=  Distance  TNT  Clay,  m/kg1^ 


LIST  OF  SYMBOLS 


Dp  distance  from  Pentolite  charge 

Dt  distance  from  TNT  charge 

EMF  equivalent  mass  fr.ctor 

Ip  impulse  from  Pentolite  charge 

Ig  impulse  from  Standard  TNT  curve 

impulse  frcm  TNT  charge 

Pp  peak  overpressure  from  Pentolite  charge 

Pg  peak  overpressure  from  Standard  TNT  curve 

PT  peak  overpressure  from  TNT  charge 

t  shock  arrival  time 

a 

t  blast  wave  positive  duration 

1/3 

Am  scaled  distance,  m/kg  ,  Standard  TNT  Table 
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Figure  1.  Photograph  of  test  charge  and  close-in  gage  stations. 
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Figure  2.  Test  layout  showing  gage  station  locations  on  the  two 
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Figure  3.  TNT  booster  configurations. 
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Figure  4.  Measured  blast  parameters. 
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Figure  8.  Scaled  overpressure  duration  versus  scaled  distance  for  TNT  and  Pentolite 
hemispherical  charges. 


TNT  equivalent  mass  factors  versus  scaled  distance  for  Pentolite 
hemispheres  on  a  sand  base. 
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Figure  13.  Comparison  of  TNT  and  Pentolite  at  Station  90-2. 
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Figure  15.  Comparison  of  all  shots  at  Station  90-5.  (cont'd) 
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TABLE  A-l . 

A  P 

TNT  BLAST  PARAMETERS  VERSUS 

t 

SCALED  DISTANCE 

t 

T 

s 

a 

+ 

's 

kPa 

W73 

ms/kg1/3 

kPa-as/kg 

7934-01 

9918-01 


4793 

* 

5 

1242-01 

3860 

5 

1S61-01 

3188 

S 

1914-01 

2687 

5 

2298-01 

2304 

5 

2716-01 

2002 

5 

3164-01 

256 

1760 

5 

3642-01 

246 

1561 

5 

4151-01 

238 

1394 

5 

4690-01 

232 

1253 

5 

5257-01 

227 

1134 

5 

5854-01 

223 

1032 

5 

6479-01 

221 

9432 

4 

7131-01 

221 

8653 

4 

7812-01 

223 

7977 

4 

8520-01 

224 

7377 

4 

9257-01 

227 

6850 

4 

1002 

232 

5931 

4 

1163 

247 

5201 

4 

1370 

271 

4604 

4 

1517 

299 

4084 

4 

1710 

333 

3678 

4 

1913  . 

375 

3297 

4 

2126 

424 

2980 

4 

2351 

488 

2702 

4 

2587 

560 

2441 

4 

2836 

664 

3 


326  3 

288  3 

260  3 

240  3 


209  3 

200  3 


186 

3 

179 

3 

173 

3 

170 

3 

166 

3 

165 

3 

167 

3 

170 

3 

172 

3 

179 

3 

188 

3 

*  7934-01 


4793  5 
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TABLE  A-l .  TNT  BLAST  PARAMETERS  VERSUS  SCALED  DISTANCE 

(Cant’d) 

AP„ 

t 

t 

I 

s 

a 

+ 

s 

fS  kPa 

«s/kg1/3 

ms/kg1/3 

kPa-ms/kg 

7934 

8727 

9521 

1031 

1 

1111 

1 

1190 

1 

1289 

1 

1388 

1 

1488 

1 

1587 

1 

1785 

1 

1984 

1 

2182 

1 

2380 

1 

2579 

1 

2777 

1 

2975 

1 

3174 

1 

3372 

1 

3570 

1 

3769 

1 

3967 

1 

4364 

1 

4760 

1 

5157 

1 

5554 

1 

2211 

4 

1813 

4 

1503 

4 

1264 

4 

1074 

4 

9218 

3 

7701 

3 

6507 

3 

5560 

3 

4797 

3 

3665 

3 

2885 

3 

2328 

3 

1918 

3 

1609 

3 

1371 

3 

1184 

3 

1035 

3 

9122 

2 

8150 

2 

7302 

2 

6629 

2 

5536 

2 

4706 

2 

4082 

2 

3576 

2 

3095 

3651 

4258 

4918 

5628 

6392 

7419 

8525 

9709 

1097 

1 

1371 

1 

1672 

1 

1999 

1 

2348 

1 

2717 

1 

3105 

1 

3510 

1 

3929 

1 

4360 

1 

4804 

1 

5256 

1 

5720 

1 

6668 

1 

7640 

1 

8635 

1 

9645 

1 

788 

113 

1 

154 

1 

186 

1 

207 

1 

216 

1 

221 

1 

221 

1 

217 

1 

210 

1 

206 

1 

204 

1 

210 

1 

221 

1 

238 

1 

262 

1 

281 

1 

298 

1 

311 

1 

323 

1 

333 

1 

341 

1 

355 

1 

368 

1 

381 

1 

392 

1 

201 

3 

216 

3 

238 

3 

236 

3 

225 

3 

214 

3 

201 

3 

189 

3 

178 

3 

166 

3 

149 

3 

135 

3 

124 

3 

115 

3 

107 

3 

996 

2 

933 

2 

884 

2 

839 

2 

799 

2 

758 

2 

727 

2 

668 

2 

615 

2 

519 

2 

538 

2 

TABLE  A- 1 .  TNT  BLAST  PARAMETERS  VERSUS  SCALED  DISTANCE  (Cont'd) 


m/kg 

1/3 

APs 

kPa 

t 

a 

m/kg 

1/3 

t 

m/kg 

1/3 

kPa-as/kg^^ 

5157 

2 

1658 

1 

i 

1415 

2 

762 

1 

606 

1 

5554 

2 

1491 

1 

1531 

3 

775 

1 

561 

1 

5951 

2 

1358 

1 

1647 

3 

788 

1 

525 

1 

6347 

2 

1236 

1 

1764 

3 

801 

1 

‘  489 

1 

6744 

2 

1136 

1 

1880 

3 

814 

1 

455 

1 

7141 

2 

1050 

1 

1996 

3 

824 

1 

431 

1 

7537 

2 

9715 

2112 

3 

835 

1 

405 

1 

7934 

2 

9060 

2228 

3 

845 

1 

381 

l 

8727 

2 

7912 

2461 

3 

859 

1 

344 

1 

9521 

2 

7005 

2693 

3 

876 

1 

315 

1 

1031 

3 

.  6260 

2926 

3 

892 

1 

288 

1 

1110 

3 

5645 

3159 

3 

907 

1 

267 

1 

1190 

3 

5123 

3390 

3 

922 

1 

247 

1 

1289 

3 

4578 

3682 

3 

927 

1 

226 

1 

1388 

3 

4123 

1 

3972 

3 

957 

1 

209 

1 

1487 

3 

3744 

4264 

3 

966 

1 

195 

1 

1587 

3 

3420 

•556 

3 

983 

1 

180 

1 

1785 

3 

2896 

5138 

3 

101 

2 

160 

1 

1984 

3 

^496 

5720 

3 

103 

2 

— 

- 

2182 

3 

2186 

6303 

3 

105 

2 

- 

2380 

3 

1931 

6884 

3 

107 

2 

— 

- 

2579 

3 

1724 

7468 

3 

2777 

3 

1558 

8050 

3 

........ 

-- 

- 

3174 

3 

1289 

9217 

3 

-- 

- 

3570 

3 

1  Oft  Q 

1038 

4 

3967 

3 

1 

9446-01 

1155 

4 
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This  report  summarizes  the  data  collected  as  a  result  of  the  analyses 
of  an  explosion  that  occurred  in  a  propellant  development  laboratory.  The 
explosion  occurred  while  the  operators  were  weighing  out  some  of  the 
ingredients  so  that  they  could  be  compounded  into  an  ultrahigh-burning-rate 
sol’d  propellant.  The  incident  resulted  in  inflicting  serious  injuries  to  one 
operator  and  minor  injuries  to  the  second  operator.  There  was  also  minor 
damage  done  to  the  building.  The  material  that  must  have  exploded,  and 
produced  these  damages  and  injuries,  was,  as  a  result  of  the  post-explosion 
investigation,  blamed  on  a  recently  synthesized  chemical,  1 ,3-diazido-2- 
nitrazapropane  (DANP),  whose  chemical  formula  is:  OjN.N. (CH2Nl>2 . 

''"'•v_^The  post-accident  investigation  concluded  that  there  was  no  evidence 
that  the  explosion  had  resulted  from  an  error  wherein  the  DAMP  was  mixed  with 
an  incompatible  material,  but  it  was  not  possible  to  positively  identify  what 
was  actually  responsible  for  initiating  the  detonation.  Several  scenarios 
were  postulated  that  might  have  been  the  cause,  the  most  probable  of  which  was 
that  the  bottle  containing  the  DANP  had  been  knocked  over,  and  this  shock  had 
caused  the  DANP  to  detonate 


N^I8COS8IOK 

\ 

Following  the  explosion,  an  investigative  team  was  assembled  whose 
objective  was  to  pinpoint  the  cause  of  the  explosion.  The  topics  that  were 
addressed  are  listed  in  Table  1  and  are  discussed  in  this  paper. 


TABLE  1.  OISCUSSIOH  TOPICS 


Injuries/Damages  Sustained 
Laboratory  Layout 

Operations  In  Process  Preceding  the  Explosion 
Ingredients  in  Locale  of  Explosion  Site 
Compatibility  Tests 

Sensitivity  Tests  -  Effect  of  Impurities 

Scenarios  of  Possible  Causes  of  the  Detonation 

Photographs 

Conclusions 

Recommendation 

INJURIES/DAHAGKS  SUSTAINED 

The  procedure  employed  in  preparing  the  propellant  mix  consisted  of 
weighing  out  the  dry  solids  (ammonium  perchlorate,  ultrafine  ammonium  per¬ 
chlorate,  aluminum)  at  the  solids  weigh  bench  by  one  operator,  while  the  other 
operator  brought  in  the  DANP  flaak  from  the  dry  bo*  in  the  next  room  and 
weighed  out  the  binder  ingredients  first  and  then  the  DANP.  He  had  apparently 
finished  weighing  out  the  R-18  into  the  plastic  beaker  on  the  torsion  balance 
and  reset  the  tare  for  DANP  addition  when  the  explosion  occurred.  The  beaker, 
although  split  by  the  explosion,  was  recovered,  and  an  infrared  analysis 
showed  that  it  had  contained  no  DANP,  only  R-18. 

The  following  damages  were  sustained  (Table  2): 

•  An  approximately  circular  hole  was  punched  through  the 

workbench  at  the  position  where  the  flask  containing  the 

DANP  probably  had  been  placed.  The  force  of  the  explosion 
drove  the  metal  drawer  to  the  floor  and  sheared  off  and 

burned  the  edges  of  the  metal  drawer  guides. 
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TABLE  2.  DAMAGES  SUSTAINED  AS  A  RESULT  OF  THE  EXPLOSION 


Building 

Minor 

Workbench 

Circular  hole  punched  In  bench  top 

Metal  drawer  torn  and  pushed  to  floor 

Operator 

Left  glove  torn  and  pitted 

Right  glove  unmarked 

Safety  glasses  broken  at  noseplece 

Lens  bloodstained 

First  finger  of  left  hand  Injured 

Forehead  Injured 

Palm  of  left  hand  untouched 

Right  hand  uninjured 

•  The  left  glove  of  Operator  No.  1  (who  is  left-handed) 
showed  tears  and  pits  at  the  thumb  and  first  finger  and 
pitting  across  the  back  of  the  glove.  The  palm  of  the 
glove  was  undamaged.  The  right-hand  glove  was  unmarked. 
The  operator's  first  finger  of  the  left  hand  had  been  muti¬ 
lated.  The  operator  had  also  sustained  considerable  frag¬ 
ment  injuries  at  about  eyebrow  level.  His  right  hand  was 
uninjured. 


•  The  operator's  safety  glasses  had  been  broken  at  the  nose- 
piece  by  a  tearing  action  that  had  come  from  the  left  side. 
Some  pitting  of  the  left  top  of  the  plastic  rim  of  his 


glasses  had  occurred,  Tha  lens  had  not  been  pitted  hut  was 
covered  with  blood. 

a  Although  the  tore  ion  balance  had  been  thrown  to  the  floor 
and  was  found  resting  inaide  the  damaged  drawer,  it 
appeared  to  have  been  struck  from  the  right  aide,  almost 
laterally,  at  about  1  in.  above  its  base.  There  was  also 
considerable  pitting  of  the  balance's  metal  frame, 
apparently  by  flying  glass  fragments. 

a  A  Plexiglas  tube  whose  dimensions  were  4  in.  O.D.  by  10 
in.  long  with  a  0. 25-in,  wall  thickness,  which  was  used  as 
a  casting  sleeve  and  waa  usually  kept  on  the  bench  beside 
the  Carver  press,  showed  preesurisat ion-fractured  fragments 
of  the  type  resulting  from  shock  loading. 

LABORATORY  LAYOUT 

The  building  was  of  two-room  construction,  and  apparently  multi¬ 
functional  in  design.  In  the  first  bay  were  two  workbenches  positioned 

against  the  walla.  They  had  laminated  wood  tope,  approximately  7/8  in.  thick, 

supported  by  light  steel  frame  legs,  with  two  lightweight  steel  drawers  in 
each.  The  tabletops  were  covered  with  Velostat.  The  floor  was  of  aluminum 
plate.  A  vertical  mixer  wss  located  by  the  wall  next  to  the  workbench  that 
was  used  to  weigh  out  the  solid  ingredients.  A  storage  cabinet  was  located 
against  the  far  wall. 

The  laboratory  layout  is  depicted  in  Figure  1. 

OPERATIONS  IN  PROCESS  PRECEDING  THE  EXPLOSION 
Operation  in  Process 

Two  operators  were  in  the  building  when  the  incident  occurred.  The 

operators  had  completed  making  one  mix  and  had  cleaned  the  equipment.  They 


were  weighing  the  saterials  for  the  second  mix.  Operator  No.  1  was  regponsi- 
ble  for  veighiug  the  solid  ingredients  (aluminum,  ultrafin*  ammonium  perchlor¬ 
ate,  and  +170  itesh  ammonium  perchlorate).  His  back  was  to  Operator  No.  2, 
who  was  responsible  for  weighing  the  liquid  binder  ingredients  (R-18,  a 
polyester  binder,  and  DANP,  a  liquid  plasticiser).  The  incident  occurred 
during  these  operations. 

Weighing  Procedures 

In  weighing  out  the  propellent  ingredients,  two  employees  were 
involved.  One  operator  weighed  out  the  dry  ingredients  while  the  operator 
weighed  out  the  liquid  ingredients.  The  procedure  for  weighing  liquids  used 
in  this  operation  consisted  of:  a  beaker  was  fared  on  the  torsion  balance, 
and  then  the  R-18  was  weighed  out  into  the  beaker.  The  DANP  was  usually 


brought  in  (roai  the  dry  box  in  a  50-*l,  round-bottom,  standard-typo  flask 
fitted  with  a  taparad  plastic  stopper.  The  flask  was  usually  kept  in  a 
plastic  beaker  so  that  it  would  not  tip  over.  Sometimes  a  cork  ring  wa«  used. 
Transfer  from  the  round-bottow  flask  to  the  tared  beaker  was  done  by  dis¬ 
posable  glass  eyedropper. 

The  operator  had  apparently  finished  weighing  out  the  R-18  into  the 
plastic  beaker  on  the  toreion  balance  and  reset  the  tare  for  the  DAMP  addition 
when  the  explosion  took  piece. 

A  plastic  beaker  still  containing  R-18  was  found  in  the  debris.  the 
beaker  had  been  cracked,  and  a  small  fragment  was  missing  from  it.  It  weighed 
7.4  g,  and  the  log  book  showed  a  tars  weight  of  7.50  g.  Apparently  no  DAMP 
had  been  weighed  into  the  beaker.  In  an  effort  to  estimate  the  aswunt  of  DANP 
that  could  have  been  on  the  workbench,  an  inventory  of  the  DANP  that  had  been 
prepared  throughout  the  program  waa  made.  It  was  concluded  that  there  were 
about  136  g  of  DANP  on  the  workbench  at  the  time  of  the  explosion. 

When  Operator  No.  2's  condition  permitted,  he  wss  interviewed  by  the 
investigative  team.  He  stated  that  he  had  been  preparing  to  weigh  the 
required  amount  of  DANP  into  the  beaker,  which  already  contained  the  R-18.  He 
had  the  medicine  dropper  in  his  left  hand,  and  had  just  turned  hie  head  to  the 
right  to  verify  the  required  weight  in  the  logbook  when  the  explosion 
occurred. 

The  operators'  statements  were  corroborated  by  the  following  physical 
evidence! 

e  The  logbook  showed  tare,  net,  and  gross  weight  for  the 


materials. 


•  The  Mixture  of  aluNinuM  and  aM»oniuw  pecchloretc  was  found 
spilled  naar  ona  of  tha  balances  at  the  site,  and  the 
balance  had  been  set  at  the  weight  noted  in  the  logbook. 

iwciKDiKirra  m  uocam  or  gmoaigw  sits 

The  propellant  ingredients  in  the  locale  at  the  tine  of  the  explosion 
and  their  location  after  the  explosion  are  presented  in  Table  3.  Their 
cheaical  fomulas  are  depicted  in  Figure  2. 


TABLE  3.  CONDITIONS/LOCATIONS  OF  PROPELLANT 
INGREDIENTS  INVOLVED  IN  THE 


INGREDIENT 

CONDITIONS/LOCATION 

Ultraflne  Ammonium  Perchlorate 

Still  In  unbroken  container 

170  Mesh  Ammonium  Perchlorate 

Still  in  unbroken  container 

4,5-epoxycyclohexylmethyl  4',5'-epo*y- 
cyclohexylcarbo^ylate 

Still  In  unbroken  container 

Carboranyl methyl  Propionate 

Still  In  unbroken  container 

HMX 

Still  In  unbroken  container 

1,3,6-hexanetrlol 

Still  In  unbroken  container 

Nltrodlphenyl amine 

Still  In  unbroken  container 

Tol uenedl 1 socy  anate 

Still  in  unbroken  container 

Aluminum  Powder 

Spilled  on  floor 

R-18 

Spilled  on  bench  top,  floor, 
plastic  beaker 

1.3-b1s(fluoron1troethoxy )-2,2-bis(f luoro- 
aml nopropane) 

Spilled  in  and  around  a 
broken  glass  flask 

Ethy 1  aery  1  ate/ 1 , 3-b 1 s ( f 1 uoron 1 treat hoxy )-- 
2, 2, -b1s(fluoroam1 nopropane) 

Found  in  an  Intact  glass 
flask  on  the  floor 
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FIGURE  2.  STRUCTURAL  FORMULAS  OF  PROPELLANT  INGREDIENTS 
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COMPATIBILITY  TESTS 


A  )«ri*t  of  compatibility  teat*  were  run  on  pure  DAMP  end  on  DANP  that 
contained  it*  usual  impurities,  which  had  infrared  absorptions  at  5.8  and 
6.1  Mm.  These  materials  showed  no  visual  changes  and  no  temperature 
excursions  when  mixed  with  the  following  propellant  ingredients: 

Ammonium  perchlorate 
Aluminum 

1,3, 6-hexane triol 
To luenedi isocyanate 
ERL-4221 

Carboranylmethyl  propionate. 

The  conclusion  from  these  compatibility  tests  was  that,  any  of  the  other  usual 
propellant  ingredients  did  not  contribute  to  the  detonation. 

SENSITIVITY  TESTS  -  EFFECT  OF  IMPURITIES 

Earlier  studies  of  DANP  had  shown  that  it  typically  contained  two 
impurities,  which  were  recognized  by  infrared  spectroscopy  since  the 
impurities  showed  absorptions  at  5.8  and  6.1  M®*  Analyses  were  made  to 
determine  whether  these  impurities  affected  the  sensitivity  of  the  DANP. 
Impact  and  Differential  Thermal  Analysis  (DTA)  studies  showed  that  there  was 
no  significant  difference  in  the  sensitivity  of  the  pure  snd  impure  DANP.  The 
results  of  the  impact  and  DTA  are  presented  in  Table  4. 

SCENARIOS  OP  POSSIBLE  CAUSES  OF  THE  DETONATION 

The  following  scenarios  depict  the  different  circumstances  that  could 
have  led  to  the  detonation  (Figure  3). 


TABLE  4.  SENSITIVITY  TESTING  OF  DANP 


FIGURE  3.  SCENARIOS  OF  POSSIBLE  CAUSES  OF  THE  DETONATION 


Scenario  1 

When  the  operator  had  finished  weighing  out  the  R-18,  but  before 
handling  the  DANP,  he  could  have  reached  toward  the  back  of  the  workbench  for 
some  item.  In  this  action,  his  sleeve  could  have  knocked  over  the  Lucite 


tube,  which  then  struck  the  glass  flask  containing  the  DAMP  and  caused  it  to 
explode. 

Scenario  2 

In  preparing  to  add  the  DAMP,  the  operator  could  have  moved  the  beaker 
in  which  the  DANP-containing  round-bottom  flask  was  being  stored.  The  flask, 
being  in  an  unstable  position,  could  have  slid  around  on  its  bottom,  and  its 
neck  struck  the  beaker's  rim.  The  shock  of  this  impact  could  have  initiated 
the  DANP  explosion. 

Scenario  3 

The  DANP’s  sensitivity  could  have  been  increased  as  a  result  of  con¬ 
tamination  from  the  previous  withdrawals  of  sample(s).  This  could  have  made 
the  DANP  extremely  sensitive. 

Scenario  4 

The  operator's  laboratory  coat  could  have  become  dislodged  from  the 
Carver  press.  Its  pockets  contained  various  tools,  spatulas,  etc.  The  loaded 
coat  could  have  slipped  off.  This  could  have  been  the  "something  that  fell" 
that  the  operator  recalled  as  having  taken  place  and  could  have  set  up  the 
chain  of  events  that  knocked  over  the  Lucite  cylinder. 

PBOTOGSAPH8 

A  series  of  photographs  were  taken  depicting  the  extent  and  magnitude 
of  the  damage  produced  by  a  quantity  of  DANP  estimated  to  have  weighed  136  g. 

PHOTO  DESCRIPTION 

1  A  view  of  the  damage  at  a  position  approximately 
midway  between  the  two  operators 

2  Another  view  of  the  damage  from  *  different 
angle 


1737 


3 


Table  5 


Another  view  of  the  damage  taken  from  a  dif¬ 
ferent  angle 

4  Another  view  of  the  damage  taken  from  a  dif¬ 

ferent  angle 

5  A  broad  view  of  the  damage  to  the  workbench, 

cabinet,  bottles  of  chemicals,  etc. 

6  A  closeup  view  of  the  damage  to  the  workbench 

7  A  view  of  the  notes  and  the  logbook  that  were 

located  on  the  table  to  the  right  of  the  work¬ 
bench 

8  A  view  of  the  ceiling  lights  showing  the  damage 
to  only  one  bulb  and  the  enclosure 

9  A  view  of  the  storage  cabinet  located  beside  the 
operator  before  the  explosion 

10  A  view  of  the  damage  to  the  storage  cabinet  by 

the  explosion 

COBCLOSIOHS 

A  list  of  the  conclusions  as  to  the  cause  of  the  explosion  appears  in 
,  followed  by  a  brief  sunnary  of  each. 


TABLE  5.  CONCLUSIONS  AS  TO  THE  CAUSE  OF  THE  DETONATION 


1) 

DANP  detonated 

2) 

Incompatible  material 

did  not  cause  the  detonation 

3) 

An  external  force  was 

involved 

4) 

Uncertain  as  to  what  produced  the  initiating  impact 

5) 

Operators  were  aware 

of  DANP's  sensitivity 
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•  There  appears  to  be  no  doubt  that  DANP  was  the  material 
that  detonated.  A  quantity  of  DANP  of  approximately  136  g 
cannot  be  accounted  for,  while  all  of  the  other  materials 
used  in  the  immediate  and  in  three  prior  mixing  operations 
had  been  accounted  for. 

•  It  also  appears  that  were  the  DANP  inadvertently  mixed  with 
an  incompatible  material,  it  did  not  bring  about  the 
initiation  of  the  detonation.  This  conclusion  is  supported 
by  the  compatibility  tests. 

e  Although  DANP  was  among  the  more  impact-sensitive  new 
potential  propellant  ingredients  used  in  the  development  of 
these  high-energy  propellants,  the  impact  required  to 
initiate  it  (in  the  range  of  4  to  6  in-lb)  appears  to  be 
such  that  some  external  shock  had  to  be  applied  to  the  con¬ 
tainer  to  cause  the  explosion. 

•  The  method  by  which  the  impact  was  imparted  is  uncertain. 
What  is  known  is  that  the  Lucite  cylinder  (part  of  the  pro¬ 
pellant  vacuum  casting  equipment),  measuring  4  in.  in  dia¬ 
meter  by  10  in.  long,  with  0.25-in.  wall  thickness,  was 
standing  on  the  workbench  close  to  the  bottle  of  DANP.  The 
bottle  was  adjacent  to  a  metal  balance.  The  cylinder  may 
have  been  jarred  and  fallen  against  the  DANP  bottle.  This 
impact  may  have  been  sufficient  to  initiate  the  explosion, 
or  one  of  the  bottles  may  have  fallen  and  struck  the 
balance. 


C.  " 
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•  Both  operators  were  aware  of  the  impact  sensitivity  of 
DAMP,  and  it  is  unlikely  that  careless  handling  of  the 
material  could  have  been  involved. 

KKCCXMgMMTION 

A  general  recommendation  on  the  handling  of  any  liquid  propellant 
ingredient  is  presented  in  Figure  4.  Before  it  is  handled,  it  should  be 
diluted. 

IF  HANDLING  SAFETY  DATA  ON  NOVEL  LIQUID-PROPELLANT  INGREDIENTS  ARE 
NOT  AVAILABLE,  THEY  SHOULD  BE  HANDLED  ONLY  WHEN  DILUTED  TO  A  HEAT 
OF  FORMATION  VALUE  OF  LESS  THAN  THAT  NECESSARY  TO  CAUSE  DETONATION 
(<500  cal/g). 


FIGURE  4.  RECOMMENDATION 
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PHOTO  1.  A  VIEW  OF  THE  DAMAGE  AT  A  POSITION  APPROXIMATELY  MIDWAY  BETWEEN 


PHOTO  3.  ANOTHER  VIEW  OF  THE  DAMAGE  TAKEN  FROM  A  DIFFERENT  ANGLE 


PHOTO  5.  ANOTHER  VIEW  0?  THE  DAMAGE  TO  THE  WORKBENCH,  CABINET 
BOTTLES  OF  CHEMICALS,  ETC. 
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PHOTO  9.  A  VIE'?  OF  THE  STORAGE  CABINET  LOCATED  BESIDE  THE  OPERATOR  BE: 
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IBB  NAVY'S  EXPU06IVE  ORENMJCE  ACCXDOT/INCIDBOT  DATABANK  (AID) 

AID  is  the  acronym  for  accident/incident  databank.  AID  contains 
descriptions  of  naval  explosive  ordnance  accidents,  incidents,  major  and  minor 
malfunctions  and  dangerous  defects. — For_  tbe  remainder  of  this  paper  these 
terms  will  be  referred  to  as  explosive  id. shaped  AID  is  a  key  word  type 
databank.  This  means  that  key  words  are  selected  which  characterise  the 
event.  These  words  are  then  entered  into  the  AID  computer  program,  and 

retrieval  is  accomplished  through  use  of  these  key  words  S 

> 

Por  example,  if  a  SIDEWINDER  missile  fell  off  an  P-4  aircraft  during 
arrested  landing  on  board  the  Carrier  KENNEDY,  CVA  67,  the  key  words  selected 
would  be:  SIDEWINDER,  its  national  stock  number;  arrested  landing;  F-4; 
aircraft;  CVA  67;  the  year,  the  month  and  the  day  of  the  mishap;  etc.  Entry 
of  SIDEWINDER  into  the  search  program  would  retrieve  the  mishap  description 
for  this  specific  mishap  and  all  others  where  the  word  "SIDEWINDER"  had  been 
entered.  Entry  of  "SIDEWINDER"  and  arrested  landing  would  limit  the  printout 
to  retrieval  of  only  those  descriptions  where  "SIDEWINDER"  and  arrested 
landing  had  been  entered. 


When  a  fleet  or  shore  activity  has  an  explosive  mishap,  it  must  be 
reported  in  accordance  with  one  of  several  series  of  instructions:  OPNAVIMST 
5102.1;  OPNAVINST  4790.2;  or  some  miscellaneous  instructions  (i.e.,  primarily 
some  transportation  instructions).  In  the  past,  many  mishap  descriptions  in 
AID  were  reported  in  accordance  with  NAVORD/SEAINST  8025.1  which  has  been 
cancelled.  The  Naval  Surface  Weapons  Center  (NSWC)  is  a  recipient  of  the 
reports  submitted  in  accordance  with  these  instructions. 


Let  us  review  some  of  the  early  history  of  AID.  It  was  established  in  1963 
as  a  library  retrieval  program  to  support  the  systems  safety  engineering 
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effort  at  NSWC  which  was  then  the  Naval  Weapons  Laboratory,  engineers  used 
the  databank  as  a  corporate  memory  for  mishaps  that  had  occurred  with  various 
weapon  systems  for  which  a  system  safety  effort  existed.  Although  it 
is  still  used  for  that  purpose*  through  the  years  it  has  become*  and  is  being 
used  more  and  more  as  a  statistical  data  base.  Because  of  this  application* 
it  has  been  necessary  to  restructure  AID.  This  restructuring  has  been*  and 
will  be  a  continuing  process.  As  of  30  June  1982,  there  were  14,187  explosive 
mishap  descriptions  in  AID.  This  databank  is  sponsored  by  the  Safety  Office 
of  the  Naval  Sea  Systems  Command. 

I  will  now  discuss  the  uses  of  AID  by  people  otlier  than  our  division 
personnel.  Upon  request*  we  provide  printouts  to  Naval  and  other  DOD 
activities  that  have  a  need  for  explosive  ordnance  mishap  data.  This  service 
is  also  provided  (when  approved  by  our  sponsor)  to  other  government  agencies. 
Upon  request  for  a  printout,  the  requestor  is  questioned  about  his  need 
for  the  printout.  This  is  not  done  to  put  the  requestor  on  the  spot. 

Rather*  it  is  done  to  help  to  tailor  the  search  to  his  needs.  Frequently,  we 
find  that  what  the  requestor  thinks  he  wants*  or  asks  for,  is  only  part  of 
what  he  needs.  Armed  with  our  knowledge  of  the  contents  of  AID  and  deeper 
insight  into  the  needs  of  the  requestor,  we  are  able  to  provide  detailed 
printouts  which  make  it  easier- for  the  requestor  to  solve  his  problems. 

Generally,  ws  can  provide  descriptions  of  mishaps  involving  any  naval 
weapon  system,  type  of  ev«nt,  logistic  phase,  ship  or  activity  name,  lot 
and/or  serial  number  of  involved  ordnance,  cause,  or  any  combination  of  these 
descriptions.  However,  our  capabilities  are  not  limited  to  these  modes  of 
searches.  The  best  approach  for  a  requestor,  is  to  explain  his  problem  and 
let  us,  together  with  the  requestor,  decide  what  information  to  retrieve  from 
the  databank. 
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AID  Printouts  are  used  for  a  variety  of  reasons  by  users  other  than 
our  division  personnel.  In  the  past,  AID  data  have  been  used  in  the 
development  of  mathematical  models,  for  example  a  shipboard  fire  spread  model. 
AID  data  were  also  used  in  a  weapon-aircraft  comparability  study.  And  these 
data  are  routinely  used  in  preparing  demining  Standard  Operating  Procedures 
(SOS's),  for  stand-up  safety  briefings  and  for  ascertaining  lot  history  of 
amnunition.  Figure  1  shows  an  example  of  a  mishap  description,  exactly  as  it 
appears  in  an  AID  printout. 

Every  quarter,  reports  of  mi  shape  that  occurred  during  that  period  of 
time  are  sent  to  activities  in  the  Naval  and  other  DCD  explosive  safety 
community.  In  addition  to  the  descriptions  of  new  mishaps  added  to  the 
databank,  the  quarterly  report  contains  statistical  tables  which  show  the 
death  and  injury  distribution  by  the  quarter  since  1963.  These  tables  also 
show  the  distribution  of  mishaps  according  to  locations  such  as  shipboard, 
ashore  and  inflight,  and  the  distribution  of  misnaps  over  enploynent  inodes 
such  as  production,  transportation,  handling,  loading,  storage,  etc. 

Accident/incident  briefs  are  also  published  every  quarter.  These  briefs 
are  highly  structured.  First,  the  generic  description  of  the  hardware  is 
given,  for  example,  CADs,  bombs,  projectiles,  etc.  Next,  the  specific 
designation  of  the  hardware  is  given.  This  hardware  description  then  becomes 
the  subject  of  a  sentence.  The  predicate  of  this  sentence  is  an  answer  to 
the  question,  "What  happened  to  the  hardware"?  The  computer  then  alphabetizes 
the  briefs  so  that  all  problems  with  a  specific  system  are  grouped  together. 
Through  use  of  these  briefs,  the  user  is  able  to  review  massive  amounts  of 
data  in  a  short  time.  If  the  user  needs  additional  information  about  a 
specific  item  in  the  biiofs,  he  provides  us  with  the  number  at  the  left  hand 
side  of  the  brief  so  that  we  may  furnish  him  with  the  complete  mishap  report 
for  this  item. 
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Another  ism  of  the  date  in  AID  by  people  external  to  our  division,  is  to 
prepare  Ordnance  Alert  Bulletins  (OABs).  When  a  significant  event  or  trend 
occurs  that  points  to  an  unsafe  situation,  all  ships  or  activities  involved  in 
a  similar  situation  are  warned  of  the  hazardous  condition,  and  are  provided 
with  recxxunwndations  as  to  how  to  eliwinate/reduce  the  hazard  or  minimize  its 
consequences. 

Computer  generated  histograms  provide  still  another  weans  to  present 
summaries  of  mishap  data.  Figures  2  and  3  show  examples  of  histograms, 
these  histograms  Show  the  frequency  of  drops  for  each  drop  height  in  feet. 

The  agency  of  drop  is  shown  at  the  top  of  each  histogram. 

Relative  to  the  uses  of  mishap  data  by  our  division  personnel,  we  provide 
support  to  the  systems  safety  engineering  efforts  performed  by  the  other  two 
branches  in  our  division.  Within  our  own  branch,  we  have  used  AID  data  in 
many  technical  safety  studies.  These  studies  include  the  estimation  of  the 
probability  of  inadvertent  ignition  of  a  rocket  motor  in  a  magazine,  the 
effectiveness  of  wet  versus  dry  sprinkler  systems,  a  nonpar ametric  analysis  of 
the  effects  of  months  and  years  on  mishap  rates,  the  estimation  of  the 
probability  of  a  fatal  accident,  a  forklift  safety  study,  and  a  naval  shore 
magazine  accident  probability  study. 

Another  use  of  AID  data  is  to  provide  the  numerator  for  the  calculation  of 
accident  rates.  The  denominator  is  obtained  from  expenditure  data  collected 
by  the  Ships  Parts  Control  Center,  Mechanic3burg ,  Pennsylvania. 

AID  data  is  also  used  in  making  risk  assessments  relative  to  scenarios 
involving  explosive  ordnance.  An  example  of  a  recent  application  of  this  type 
of  use  is  our  effort  relative  to  (Xiantity  Distance  (QD)  arcs. 

We  have  made,  are  making,  and  will  continue  to  make  improvements  in  AID. 

In  the  recent  past,  we  have  prepared  more  definitive  guidelines  for  selecting 
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descriptors.  Om  of  tha  problems  with  ary  data  system  la  tha  subjectivity 
with  which  data  are  ooded.  Guidelines  must  ba  vary  definitive  to  Insure 
that  two  people  coding  the  sane  mishap  will  produce  the  wt  results. 

through  the  years,  aeny  oauminglee*  and  spurious  descriptors  have  crept 
into  AID.  these  useless  descriptors  confuse  the  personnel  setting  up  the 
search  logic.  Also,  those  descriptors  are  excess  baggage  and  because  of 
their  great  nueber  cannot  be  tolerated.  Ose  of  these  definitive  guidelines 
that  we  have  created  has  eliminated  sany  of  these  descriptors. 

One  of  the  most  useful  iaprovements  in  AID  is  the  incorporation  of  Boolean 
logic  in  the  search  programs,  this  search  logic  allows  descriptors  to  be 
"andted",  "ored"  and  "noted”  together,  and  grouped  in  nested  parentheses  as 
required. 

Another  useful  improvement  is  the  declassification  of  mishap  reports 
to  the  maximum  extent  possible.  In  addition  to  declassification,  all 
printouts  from  AID  have  a  section  with  sufficient  unclassified  information  to 
provide  the  user  with  the  pertinent  facts  involved  in  the  mishap.  Each 
unclassified  report  has  a  confidential  supplement  containing  the  classified 
details.  Thus,  the  user  can  read  the  confidential  supplement,  properly  secure 
it,  and  then  work  only  with  the  unclassified  section.  Some  improvements  have 
also  been  made  in  efficiency,  primarily  in  program  and  data  entry.  One 
example  is  the  conversion  of  AID  programs  to  random  access  with  an  inverted 
file.  An  inprovemant  in  data  entry  deals  with  modifying  the  program  to  permit 
selection  of  many  descriptors  from  the  report  text. 

Improvements  presently  in  progress  involve  two  areas.  We  are  developing 
an  on-line  search  capability  which  will  enable  data  retrieval  in  minutes  or 
hours  instead  of  days.  Also,  we  are  adding  an  executive  summary  of  follow-on 
actions.  This  summary  is  designed  to  generalize  the  follow-on  actions  for  a 
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Managerial  wet  view,  aw  went,  it  will  not  provide  all  the  datails  of  Mh* t  ia 
being  dona  to  resolve  •  problem.  Mi  can  provide  the  ueer  with  the  detail*  of 
these  actions  if  requested. 

Hors  hqprovesente  are  planned  for  the  future.  Me  have  developed  a  system 
of  coding  reports  called  "eventology" .  atventology  i«  designed  to  remove 
subjectivity,  so  that  two  people  coding  the  sms  aiehap  will  produce  the  sees 
results. 

Beginning  with  fiscal  year  83,  a  statistical  program  will  be  prepared  to 
continuously  Monitor  AID.  This  program  will  automatically  point  out  when 
there  is  a  significant  increase  in  the  number  of  mishaps  associated  with  a 
specific  weapon  system  Of  OOWpOttCflte 

The  capability  to  do  truncated  searches  is  another  improvement  that  will 
be  made  during  fiscal  year  83  to  permit  searches  of  parts  of  descriptors. 

If  the  on-line  search  capability  proves  to  be  successful,  we  asy  add  an 
on-line  updating  capability. 

Finally,  as  AID  needs  additional  isprovoaants  to  meet  users  requirements, 
we  will  do  our  beet  to  meet  these  needs. 


AD  POOO503 
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An  Accident  Investigation  Report 


My  name  is  Dave  Skogman.  I  am  the  Senior  Safety  Engineer  in  the  Safety 
Office  of  the  Headquarters,  US  Army  Armament  Materiel  Readiness  Command 
(ARRCOM),  located  at  Rock  Island,  Illinois.  Our  mission  4s  to  provide 
conventional  ammunition  to  the  Army,  Navy  and  Air  Force.  A  large  portion  of 
this  mission  is  acctaapl ished  at  our  subordinate  Installations  located 
throughout  the  country.  One  of  these  installations  is  Radford  Army 
lAmmunition  Plant  located  In  Radford,  Virginia. 

YA/s  //r.4i/u/a^  r,T  4tsc*ib€s. 

•Ay  presentation  i s  corcMned~«ith  a/ serious  explosive  incident  that  occurred 
at  Radforc^in  May  1981 /( Figure  rK/  I-<gfl  describrVt he  process  involved, 
the  damage  that  was  sustained,  and  then  provide  the  results  of  the 
investigation  that  followed  this  incident^  Our  hope  is  that  by  sharing  this 
information,  a  similar  incident  may  be  prevented  somewhere  else  in  the  future. 
The  conclusions  expressed  during  this  presentation  are  my  own  and  do  not 
represent  the  official  position  of  the  Department  of  the  A 


At  1234  on  6  May  1981  a  flash  fire /explosion  occurred  at  the  Nitrocellulose 
(NC)  Thermal  Dehydration  Building  at  Radford  Army  Ammunition  Plant.  The 
function  of  the  thermal  dehydration  operation  in  this  building  was  to 
dehydrate  NC  and  produce  a  low  moisture,  alcohol  dampened  NC  for  use  as  a 
base  Ingredient  in  the  propellants  produced  at  Radford  (Figure  2).  The  NC 
produced  at  this  building  was  to  have  contained  3  percent  or  less  water  and 
from  14  to  20  percent  alcohol  for  a  total  volatile  content  of  from  14  to  20 
percent.  These  percentages  will  become  more  significant  during  the  course  of 
this  discussion.  An  NC  slurry  containing  approximately  94  percent  water  was 
received  in  this  building  and  held  in  an  18,000  gallon  fiberglass  tank 
equipped  with  a  vertical  agitator.  The  NC  slurry  was  pumped  to  the  thermal 
dehy  filter  unit  on  the  second  floor.  The  dehy  filter  unit  is  an  endless 
horizontal  traveling  belt  type  extractor.  A  vacuum  system  pulled  heated  air 
through  the  NC  cake  and  filter  belt  to  dewater  the  NC.  Just  prior  to  exit 
from  the  dehy  unit,  the  NC  cske  was  sprayed  with  chilled  alcohol.  When  the 
NC  cake  reached  the  end  of  the  filter  belt,  it  was  broken  up  by  a  combiner 
and  fell  approximately  2  feet  onto  a  vibrating  conveyor.  The  NC  traveled 
along  the  vibrating  conveyor  and  passed  beneath  a  moisture  analyzer,  an 
alcohol  analyzer,  and  a  metal  detector  before  dropping  by  chute  to  u 
vibrating  feeder-loader  located  on  the  first  floor.  The  vibrating 
feeder-loader  automatically  loaded  46  lbs  of  NC  into  plastic  garbage  can  type 
containers.  After  the  container  was  filled  and  ejected  from  the  filling 
station,  an  operator  placed  a  lid  on  the  container.  The  container  then  moved 
by  conveyor  to  the  end  of  the  building  where  it  was  temporarily  stored  or 
placed  on  a  powder  van  to  be  transferred  to  the  succeeding  operation. 


A  picture  of  the  thermal  dehydration  building  as  it  looked  before  the 
Incident  is  shown  at  Figure  3.  fbe  filter  unit  was  located  on  the  second 
floor  and  the  vibratory  feeder-hopper  station  and  conveyors  were  located  on 
the  first  floor.  The  large  slurry  feed  tank  and  alcohol  tanks  were  located 
on  the  opposite  side  of  a  reinforced  concrete  wall. 


This  picture  shows  the  thermal  dehy  building  after  the  incident  (figure  A). 
The  walls  and  roof  on  the  second  floor  were  completely  blown  off  and  the 
filter/extractor  unit  was  damaged  beyond  recovery.  The  west  wall  on  the 
first  floor  did'  vent  but  was  not  completely  blow  out.  It  should  be  noted 
that  the' majority  of  debris  and  fragments  were  found  to  the  west  and  south  of 
the  building  which  was  to  have  been  expected  because  of  the  concrete  walls  to 
the  north  and  east  of  the  incident.  The  total  cost  of  damage  from  this 
incident  was  $1,415,762. 

There  were  six  people  on  the  first  floor  of  this  building  at  the  time  of  the 
incident  (Figure  5).  Two  of  these  people  were  not  injured  because  they  were 
located  in  the  control  room  and  tank  room,  respectively,  and  these  locations 
were  protected  by  reinforced  concrete  walls.  The  four  remaining  people  were 
located  in  the  can  leading  and  weigh  room.  The  severity  of  bums  these 
personnel  received  was  basically  dependent  on  their  proximity  to  significant 
quantities  of  NC  and  to  an  exit.  Fortunately,  no  one  was  killed. 

This  incident  involved  both  the  first  floor  can  loading  and  weigh  room  and 
the  second  floor  extractor  room  (Figure  6).  The  first  priority  for  this 
investigation  was  therefore  to  determine,  if  possible,  whether  the  incident 
initiated  on  the  first  floor  and  propagated  to  the  second  floor  or  vice 
versa.  This  determination  obviously  simplifies  the  search  for  the  specific 
point  of  Initiation  and  the  cause  of  this  initiation.  It  was  also  important 
to  determine  by  what  media  this  incident  was  propagated.  Propagation  was 
possible  via  the  train  of  nitrocellulose  itself,  a  flammable  alcohol/air 
mixture  above  the  NC  or  a  mixture  of  NC  dust  and  alcohol  vapor. 

The  investigation  concluded  that  this  Incident  most  likely  propagated  via  a 
flammable  alcohol/air  mixture  (Figure  7).  None  of  the  personnel  in  this 
building  could  recall  hearing  anything  but  a  single  sound.  This  indicated 
that  the  propagation  between  floors  must  have  been  almost  instantaneous. 

Since  it  is  known  that  an  alcohol  vapor/flame  front  will  travel  at  velocities 
up  to  2000  meters  oer  second,  propagation  via  a  flammable  alcohol/air  mixture 
would  indeed  have  been  virtually  instantaneous.  Previous  testing  has  shown 
that  the  flame  front  velocity  for  a  1-inch  bed  depth  of  NC  is  37  ft/sec.  The 
telemae/primac  fire  suppression  system  should  have  been  flowing  water  within 
150  to  200  milliseconds.  Since  the  sprinkler  system  did  activate  and 
propagation  occurred  anyway,  it  was  concluded  that  the  propagation  occurred 
via  alcohol  vapor  and  not  nitrocellulose. 

The  determination  as  to  the  location  of  the  initiation  (first  floor  or 
second)  was  much  more  difficult.  None  of  the  personnel  involved  could 
positively  indicate  the  direction  of  propagation  and  therefore  the 
investigation  focussed  primarily  on  physical  evidence  to  make  this 
determination.  The  pictures  that  follow  are  of  some  of  the  physical  evidence 
used  to  help  make  this  determination.  1  will  briefly  describe  each  picture 
and  the  rationale  used  to  support  the  final  determination  as  to  order  of 
propagation . 
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The  vibrating  feeder /hopper  in  the  sen  loading  and  weigh  roots  had  a  rubber 
boot  between  the  end  of  the  chute  free  the  second  floor  end  the  top  of  the 
hopper  (figure  8).  This  rubber  boot  was  originally  held  in  place  by  metal 
bands  at  the  top  and  bottom.  After  the  incident,  the  bottom  band  had  been 
tom  off  while  the  top  band  was  intact.  It  was  felt  that  this  pattern  of 
damage  tended  to  indicate  that  the  reaction  was  travelling  upward  and  this 
supports  propagation  from  the  first  floor  to  the  second. 

There  was  a  cloth  shroud  at  the  end  of  the  vibratory  conveyor  on  the  second 
floor  over  the  chute  down  to  the  can  loading  and  weigh  room  (Figure  9). 

After  the  incident,  this  shroud  had  been  torn  loose  everywhere  but  on  the 
side  near  the  east  wall.  If  the  incident  had  propagated  from  the  second 
floor  to  the  first,  it  is  reasonable  to  expect  that  the  east  side  of  this 
shroud  would  have  been  tom  off.  Since  it  wac  not,  this  tends  to  indicate 
that  the  direction  of  propagation  was  from  the  first  floor  to  the  second. 

There  was  a  considerable  amount  of  unburned  NC  which  has  been  splashed  out  of 
the  vibratory  conveyor  from  the  discharge  end  of  the  extractor  (Figure  10). 

It  was  felt  that  this  splashing  was  caused  by  the  activaton  of  the  fire 
suppression  system.  The  fire  suppression  system  in  the  extractor  bay  was 
severely  damaged  and  rendered  inoperable  by  the  explosion.  Since  the 
extractor  bay  was  the  center  of  the  most  violent  reaction,  it  was  felt  that 
the  fire  suppression  system  would  not  have  had  time  to  activate  if  the 
incident  had  initiated  in  the  extractor  bay.  Since  the  fire  suppression  did 
activate  as  indicated  by  the  unbumed  NC  splashed  out  of  the  conveyor,  it  was 
felt  that  this  indicated  the  path  of  propagation  was  from  outside  to  inside 
the  extractor  or  from  the  first  floor  to  the  second. 

The  bolt  studs  on  the  east  and  west  ends  of  the  combiner  showed  a  diagonally 
upward  shear  pattern  (Figure  11).  This  pattern  indicates  that  the  combiner 
cover  was  pushed  up  by  a  force  from  below  or  that  the  explosive  reaction 
traveled  up  through  the  combiner  from  the  discharge  conveyor.  This  tended  to 
support  the  proposition  that  the  initiation  occurred  on  the  first  floor  and 
propagated  to  the  second. 

The  physical  evidence  I've  just  discussed  all  supports  the  conclusion  that 
the  incident  initiated  in  the  first  floor  and  propagated  to  the  second. 
However,  this  evidence  was  not  considered  sufficient  to  absolutely  confirm 
the  order  of  propagation.  It  was  therefore  considered  necessary  to 
thoroughly  evaluate  the  damage  and  equipment  on  the  second  floor  to  search 
for  evidence  of  initiation  on  this  level.  This  was  done  by  accomplishing  a 
complete  teardown  examination  and  analysis  of  the  equipment  on  the  second 
floor.  This  teardown,  was  accomplished  and  no  evidence  of  initiation  on  this 
level  was  found  (Figure  )2).  The  investigation  therefore  concluded  that 
based  on  the  physical  evidence  I've  previously  discussed  and  the  lack  of 
evidence  of  initiation  on  the  second  floor,  that  the  incident  most  probably 
initiated  on  the  first  floor  and  propagated  to  the  second. 
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With  the  determination  that  the  incident  most  likely  Initiated  on  the  first 
floor,  the  next  step  in  this  investigation  was  to  isolate  the  point  of 
initiation  (Figure  13).  The  first  floor  operations  involved  three  systems; 
the  conveyors  (doth  powered  and  gravity),  the  rotoclone  dust  collection 
system,  and  the  vibratory  feeder /hopper  fill  station. 

This  chert  indicates  the  reasons  this  investigation  eliminated  the  conveyors 
as  the  point  of  initiation  (Figure  14).  Based  on  the  location  of  personnel 
in  the  weigh  room  at  the  time  of  the  incident,  there  was  no  physical  activity 
associated  with  containers  on  the  conveyors  at  the  time  of  the  incident. 
Electrical  checks  of  the  belt  and  conveyor  after  the  incident  verified  that 
the  system  was  properly  bonded  and  grounded.  Finally,  two  of  the  operators 
involved  stated  their  definite  Impression  that  the  incident  initiated  at  the 
fill  station  and  propagated  to  the  other  filled  containers  on  the  conveyor. 

The  dust  collection  system  had  three  basic  components;  the  duct  from  the  fill 
station  to  the  rotoclone,  the  rotoclone  itself,  and  the  exhauster  fan  (Figure 
15).  In  the  rotoclone,  air  and  NC  were  bubbled  through  water  to  remove  the 
NC.  Disassembly  of  the  rotoclone  and  the  exhauster  showed  no  evidence  of 
initiation  in  the  exhauster  fan  and  also  confirmed  that  the  incident 
propagated  to  the  water  in  the  rotoclone  but  no  further.  The  duct  from  the 
fill  station  to  the  rotoclone  had  blow  out  vents  which  were  blown  out  after 
this  incident.  Examination  of  these  blow  out  vents  showed  more  evidence  of 
burned  NC  on  the  north  side  of  the  vent  than  on  the  south  which  indicated 
that  the  flame  front  was  travelling  from  the  fill  station  to  the  rotoclone. 

Since  initiation  on  the  conveyors  or  in  the  dust  collection  system  had  been 
eliminated  as  highly  unlikely,  it  was  concluded  that  the  initiation  In  the 
weigh  room  most  probably  occurred  at  the  vibratory  feeder/hopper  fill  station 
(Figure  16). 

The  vibratory  hopper/ feeder  fill  station  consists  of  two  systems;  the  weigh 
scale  including  the  chain  driven  conveyor  rollers  and  the  vibratory  feeder 
hopper  including  the  dust  shroud  and  the  container  being  filled  (Figure  17). 
The  weigh  scale  and  chain  driven  conveyor  rollers  were  completely 
disassembled  and  examined  for  evidence  of  initiation.  No  evidence  was 
found.  Given  this  lack  of  evidence  and  the  operators  statement  that  the 
flame  came  from  the  vibratory  feeder/hopper,  it  was  concluded  that  the 
Incident  most  probably  did  not  initiate  in  the  weigh  scale  and  chain  driven 
conveyor  rollers. 

To  this  point  the  investigation  indicated  that  initiation  most  probably 
occurred  somewhere  in  the  system  including  the  vibrating  feeder/hopper,  the 
dust  shroud,  the  container  being  filled,  and  the  operator  at  the  fill 
station.  Four  potential  modes  of  initiation  were  available  within  this 
system;  operator  error,  equipment  failure,  friction/impact,  and  electrostatic 
discharge  (Figure  18).  I  will  discuss  each  of  these  modes  of  initiation  and 
provide  the  investigation's  assessment  of  their  probability. 
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Operator  error  was  considered  and  concluded  to  be  highly  unlikely  as  the  mode 
of  initiation  (Figure  19).  The  operator  was  wearing  the  clothing  required 
for  this  operation  and  a  test  of  his  conductive  shoes  after  the  incident  was 
positive.  No  evidence  was  found  to  indicate  that  an  unauthorized  tool  was 
being  used.  The  operator's  activities  immediately  before  and  at  the  time  of 
the  incident  were  normal  and  in  accordance  with  the  duties  of  this  position. 

The  possibility  of  equipment  failure  was  investigated  and  concluded  to  be 
unlikely  as  the  mode  of  initiation  (Figure  20).  The  electrical  connections 
and  electric  motor  for  the  vibratory  feeder/hopper  were  disassembled  and  no 
evidence  of  initiation  due  to  electrical  failure  or  entry  of  NC  was  found. 

The  operators  in  the  weigh  room  and  also  in  the  control  room  testified  that 
all  equipment  was  functioning  without  problems  up  to  the  time  of  the 
incident.  The  capacitance  probe  used  to  sense  the  level  of  NC  in  the  hopper 
was  tested  to  determine  if  it  had  electrically  initiated  the  incident  and  the 
results  were  negative.  Complete  disassembly  of  the  remainder  of  the 
vibratory  feeder/hopper  did  not  provide  any  indication  of  initiation  due  to 
equipment  failure. 

The  vibratory  feeder/hopper  had  a  number  of  locations  which  had  the  potential 
for  initiation  due  to  friction/impact  (Figure  21).  Typical  examples  include 
the  metal  clamps  holding  the  covers  over  the  hopper  and  vibratory  feeder  and 
the  threaded  fittings  of  the  sprinkler  nozzles  and  hopper  level  probe.  A 
risk  analysis  of  these  potential  problems  showed  that  unless  an  error  or  a 
system  failure  can  be  shown  to  liave  existed  prior  to  the  incident,  the 
probability  of  initiation  is  very  low.  Examples  of  these  errors  could  be  a 
loose  clamp  or  loose  threaded  fitting.  Further  examination  and  analysis 
showed  that  metal  to  metal  contact  and  rubbing  between  the  hopper  level  probe 
and  the  topper  cover  was  occurring  prior  to  the  incident.  With  this 
confirmation,  the  probability  of  initiation  is  much  higher  and  it  was 
concluded  that  initiation  due  to  friction  must  be  considered  a  possibility. 

At  the  vibratory  feeder/hopper  fill  station,  NC  was  vibrated  out  of  the 
feeder  and  fell  into  the  container  being  filled  (Figure  22).  This  free  fall 
created  the  potential  for  electrostatic  buildup  in  the  nitrocellulose.  Since 
the  containers  being  used  were  nonconductive,  this  static  buildup  would  have 
been  slow  to  dissipate.  This  static  buildup  had  been  observed  by  the 
operators.  The  hazards  analysis  had  Indicated  that  the  presence  of  a 
flammable  alcohol/air  mixture  during  the  operation  was  probable.  Since  the 
electrostatic  discharge  threshold  initiation  level  for  alcohol  vapor  is  low 
(0. A  milljoules),  the  potential  for  initiation  due  to  ignition  of  alcohol 
vapor  from  an  electrostatic  discharge  was  considered  very  real.  A  test  to 
simulate  the  application  of  alcohol  to  the  NC  cake  determined  that  most 
likely  alcohol  was  not  evenly  distributed  in  the  NC.  It  was  also  clearly 
demonstrated  that  the  conductivity  of  NC  increases  as  the  wetness  increases 
or  conversely  the  drier  the  NC  becomes  the  greater  the  electrostatic 
generating  capability.  Three  electrostatic  discharge  scenarios  were 
investigated;  discharge  from  the  container  being  filled,  discharge  from  the 
capacitance  level  probe,  and  discharge  from  the  NC.  Efforts  to  obtain  a 
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spark  discharge  from  the  container  and  the  level  probe  were  unsuccessful.  It 
was  demonstrated,  however,  that  the  N C  falling  Into  the  tub  could  generate 
sufficient  electrostatic  energy  to  ignite  alcohol  vapcr.  It  was  normal  foe 
the  NC  to  buildup  in  the  center  of  the  container  until  it  approached  the 
grounded  dust  shroud  and  the  operators  tapped  the  filled  container  to  lower 
the  level  of  NC  in  order  to  get  the  lid  on.  The  timing  of  this  incident  was 
such  that  the  container  being  filled  should  have  been  almost  full  at  the  time 
of  the  incident  and  this  was  subsequently  confirmed  by  testimony  of  the 
operator  ac  the  fill  station. 

‘This  investigation  concluded  that  the  most  probable  cause  of  this  incident 
was  an  electrostatic  discharge  from  the  NC  in  the  container  being  filled  to 
the  grounded  dust  shroud  which  ignited  a  flammable  alcohol  alcohol/oir 
mixture.  (Figure  23). 
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FIGURE  1 


SCHEMATIC  OF  NITROCELLULOSE 
THERMAL  DEHYDRATION  PROCESS 

FIGURE  2 


THERMAL  DEHYDRATION  BUILDING 
BEFORE  INCIDENT 

FIGURE  3 


DAMAGE  TO  UPPER  AND  LOWER 
WEST  WALLS  AND  ROOF 

FIGURE  4 


LOCATION  OF  PERSONNEL 
TIME  OF  THE  INCIDENT 

FIGURE  5 
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FIGURE  6 


RUBBER  BOOT  CONNECTION  B 
DROP  CHUTE  AND  VIBRATING 
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PRIMAC  SHROUD  AT  END  OF 
CONVEYOR  ON  SECOND  FLOOR 


FIGURE  9 
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UNBURNED  NC  AT  END 
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FIGURE  12 
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FIGURE  14 
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FIGURE  18 


FIGURE  20 


NC  FALLING  INTO  CONTAINER  CREATED  SUFFICIENT 
ELECTROSTATIC  ENERGY 
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ED  DUST  SHROUD  WHICH  IGNITED  A  FLAMMA 
ALCOHOL/AIR  MIXTURE." 
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DETONATING  COMPOSITIONS 
—  HAZARDS  IN  HANDLING  OF. 


I 
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DY. GENERAL  MANAGER 
ORDNANCE  FACTORY.  DSHU  ROAD-412101 . 
PUNE  -  INDIA. 
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Detonating  com poa.lt ions  play 


Ammunition 


a  vital  rola  in  the  functioning  of  Military 


Those  expositions  are  filled  as  Detonators  either  In  Alualnlun  tubes  or 
I  Copper-tinned  cups.  Detonators  fora  the  laportant  exponent  of  the  fuze.  The  fuze 
I  Is  a  Mechanical  device  for  the  functioning  of  the  projectile  at  a  predetermined  tine 
\  or  place,  exploding  the  bursting  charge  of  projectile  and/or  for  the  correct 
\  functioning  of  the  Illumlnatlng/Smoke  Ammunition. 

\.Th«ro  are  two  types  of  Detonators  viz  : 


1)  Igniferous  type  vhich  produce  flash  for  initiating  delay  composition 
or  a  Fuze  Powder, 

Disruptive  type  filled  with  a  mixture  of  detonating  expositions  like 
CE/PETN/ASA,  CE/ASA. 


These  expositions  are  filled  in  snail  quantities  and  pressed  at  loads  not 
exceeding  1000  lbs  D/L.  ffJj/S.  Sfuut'j  fZe,t/i€U*£ 

_ 

The  compositions  Include  (i)  Initiatory  explosives  compounds  such  as  Lead 
Azide,  Lead  Styphnate,  Tetracene  and  (11)  Initiatory  Explosive  compositions  such  as 

ME -302,  VH2  cm 

Cw*  trt* 


Fulminate-basted  A-l,  B-l  mixtures;  Styphnate-based  ME-302,  VH^  exposition. 


IHARACTERISTICS  OF  COMPOSITIONS  i 


(i)  Initiatory  Explosive  expounds 

The  essential  requirements  of  an  initiatory  explosive  expound  are  :• 

a)  It  should  be  stable  on  storage. 


b)  It  should  be  capable  of  withstanding  the  shocks  resulting  frx 
normal  handling  and  use. 

c)  It  should  be  cxpatible  with  the  metallic  parts  with  which  it  may 
cxe  in  contact. 

d)  It  should  be  capable  of  being  readily  initiated  by  the  means  in  use;  and 


e)  that  it  should  rise  rapidly  to  the  maximum  velocity  of  detonation. 


(ii)  Initiatory  Explosive  expositions 

Most  of  these  expositions  are  physical  mixtures  of  expounds,  sxe  of  which 
may  be  Individually  non-explosive  but  sensitize  each  other  as  a  mixture  making  the 
seme  very  sensitive  to  impact,  friction  or  heat.  The  essential  characteristics  of 
these  mixtures  are 
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a)  These  provide  *  sudden  burst  of  flame  on  initiation. 

b)  These  evolve  e  very  large  volume  of  gates  and  solid  particles  without, 
however,  developing  a  detonation  wave. 

c)  These  are  capable  of  igniting  an  initial  detonating  agent  or  a  fuse 
powder. 


The  sensitivity  of  these  compositions  can  be  varied* and  controlled  to  a 
certain  extent  bx  careful  control  of  particle  size  of  each  of  the  ingredients, 
and  use  of  binding  agents  to  prevent  mechenical  segregation.  The  inherent 
characteristics  of  these  compositions  to  explode  during  the  normal  handling  and 
uaa,  however  can  not  be  Ignored,  even  after  the  use  of  binding  agent. 

NOTE 


Mercury  Fulminate,  Lead  Styphnate,  and  Tetracene  are  seldom  used  alone. 
Lead  Azide  is  usually  sensitized  with  either  composition  A-l  Mixture  or  Lead 
Styphnate. 


PART 


II  -/s 


SOURCES  OF  HAZARDS- 


The  main  sources  of  Hazards  encountered  duimg  the  mixing  of  detonat 
compositions,  their  filling  and  pressing  into  the  metal  components,  their 
transportation  and  the  storages  are  : - 


i)  Energy  concentrations  near  about  the  Ignition  Level. 

li)  Contamination  with  foreign  matter  such  as  dirt,  grit  etc. 

/ 

ill)  Defective  operations  during  handling, 
iv)  Improper  personnel  handling  these  compositions. 

The  energy  concentrations  can  occur  due  to  the  following 

a)  Chemical  reaction . 

} 

b)  Electrostatic  charge 

J 

c.)  Friction  • 

d)  Excessive  pressure  ; 

e)  Impacts 

f)  Sparks  -  Mechanical  or  Electrical 

Excessive  energy  concentration  due  to  any  of 
to  an  accident. 


these  causes  can  lead 


The  likely  sources  of  Ignition  vhlch  are  hazardous  In  the  handling  of  these 
compositions  are  s- 

a)  Self -heating 

b)  Mechanical  Sparks 

c)  Static  Electricity 

d)  Electrical  Equipment 

Self  heating  and  Mechanical  Sparks  can  occur  In  Plants  during  the  Pressing 
Operations. 

The  generation  of  static  electricity  during  the  processing  and  handling  of 
these  compositions  especially  the  Lead  Styphnate  -  based  compositions  can  lead  to 
major  accidents. 

The  chances  of  electrical  sparks/flame  from  electrical  equipments  cannot  be 
ruled  out  and  these  also  can  attribute  towards  accidents. 

The  Hazards  due  to  contamination  and  defective  operations  are  obvious. 

Use  of  improper  personnel  in  the  handling  of  these  compositions  can,  and 
has  been  a  major  source  of  Hazard.  Care  has  to  be  exercised  in  their  selection. 
Only  those  who  are  physically  and  mentally  capable  of  realizing  their 
responsibilities  to  themselves  and  towards  others  should  be  selected  as 
Operatives/Supervisors.  The  extremely  nervous  individuals  and  the  hasty 
operatives  are  a  potential  source  of  Hazard. 


hi  ^Severity  of  hazards^ 


The  severity  of  explosion  Hazards  likely  to  be  encountered  during  the 
handling  of  these  compositions  has  been  quantified  by  carrying  out  various 
experiments  and  the  quantum  of  these  compositions  inf rout  of  an  Opeiator  while 
carrying  out  the  filling,  and  other  Operations  behind  the  shield  and  Inside  the 
cubicle  have  been  specifically  laid  down  in  the.  standing  orders  or  the 
General  Safety  Directions  for  the  handling,  transportation  and  storage  of  these  / 
compositions.  As  an  example,  it  may  be  quoted  that  the  quantum  of  loose  / 

Lead  Azide  in  the  Hopper  for  the  filling  of  15  detonators  in  one  tray  has  been,' 
arrived  at  as  approx.  10  grams.  / 


The  Hazard-free  handling  of  these  sensitive  compositions  cannot  be 
achieved.  Their  processing,  handling,  transport  and  storage  are  always  fraught 
with  hazard.  It  is  known  that  sooner  or  later,  fire  or  detonation  can  occur 
through  human  failure,  equipment  failure,  weather  conditions  and  also  through 
unforseen  causes. 


^*p****»r  ■ft.-'vr*'*?*- ;  <■**  Tt*  ~ 


It  Is  therefore,  of  paramount  Importance  to  adopt  a  good  safety  progra&e 
so  as  to:- 

i)  minimise  hazards  to  Personnel  and  the  loss  of  life, 

ii)  reduce  the  accidents  typically  occuring  in  laboratory  or  in  operations, 

iii)  minimise  the  loss  of  equipments  and  buildings. 

The  occurence  of  accidents  resulting  in  Personnel  Hazards  and  loss  of  life 
has  a  great  demoralising  effect  on  the  operatives  and  this  factor  has  a  positive 
deleterious  effect  on  the  subsequent  handling  of  6uch  hazardous  compositions. 

It  is,  therefore,  essential  that  the  preventive  measures  to  be  adopted  to 
minimise  the  hazards  and  bring  the  level  of  accidents  to  absolute  zero  are  strictly 
observed. 

The  various  preventive  measures  can  be  grouped  as  under 


iUILDINGS  AND  EQUIPMENTS 


1.  Ensured  that  the  buildings  are  specifically  designed,  including  the  inside, 
^"dubicles,  for  the  safe  handling  ,of  these  compositions. 


2.  Check  these  buildings  for  Lightning  Arrestors. 

3.  Conduct  static  earthing  tests  for  these  buildings  and  periodically 
undertake  these  tests. 


4.  Ensure  that  all  the  electrical  installations  in  the  buildings  and  of  the 
machineries  are  flameproof /explosion  proof. 


5.  Check  that  these,  and  also  other  equipments,  are  properly  grounded  to  ensure 
dissipation  of  static  charges  likely  to  be  developed  during  the 
handling  of  these  compositions. 


6.  Do  not  undertake  operations  during  Lightning  and  Thunder  Storms. 


•  CONTROL  WORK  CONDITIONS  * 

J 


r  v-  rz  f 

/  r-fu? 


1.  Prepare  the  layout  of  the  operations  with  forward  movement  and  with 
adequate  free-moving  space  in  between  them. 


2.  Ensure  that  all  hazardous  operations  are  carried  out  either  behind  the 
shield  or  inside  the  cubicle  operating  from  outside,  depending  upon 
their  severity. 

3.  Keep  the  humidity  upto  70%  R.H.  compatible  with  the  type  of  compositions. 
In  any  case  maintain  a  minimum  of  60%  R.H. 

4.  Avoid  high  dry  temperature  leading  to  overdrying  of  the  compositions. 

5.  Keep  the  quantum  of  compositions  to  the  minimum  as  stipulated. 
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16.  Avoid  tha  nipping  of  the  composition  between  the  herd  eurf&ce; 
or  even  by  friction. 

7.  Avoid  continuous  transfer  of  the  compositions  from  one  container 
|  to  the  other. 

\  8.  Avoid  generation  of  static  charge  to  the  maximum  extent. 

c.  N^ractice  good  housb^tkeeping* 

1.  Keep  the  over-head  surface  of  the  working /storage  space  clean  and  tidy. 

2.  Inspect  ducts  regularly  for  build-up  of  composition  Just. 

3.  Use  proper  brushes  and  brooms  to  clean  up  dust, 

4.  Keep  the  dust  and  the  contaminated  waste  in  the  proper  receptacles 
under  oil/desenoltlzing  solution. 

\  5.  Ensure  frequent  removal  of  them  for  disposal. 

D.  ^ELIMINATE  IGNITION  SOURCES  ^ 

1.  Watch  out  for  hot  surfaces  like  motors,  drives,  and  lights. 

2.  Be  alert  to  friction  and  Impact  source; . 

3.  Protect  against  electric  spar'  -’. 

E.  EXPLOSION  PROTECTION  * 

1.  Design  the  buildings  In  such  a  way  as  to  ensure  that  they  withstand 
the  high  pressure. 

2  The  propagation  of  the  explosions  should  be  isolated  from  spreading 

to  adjacent  working  place.  This  can  be  achieved  by  providing  suitable 
blast  walls  or  traverses. 


3.  Explosion  venting  can  also  be  resorted  to  in  case  of  cubicles  by 
building  a  weak  rear  wall  so  as  to  vent  out  detonation  wave  away 
from  operative.  _ 


(  f  &) 


PART  V  -  ACCIDENTS  -  CASE  STUDY  __ 


Accidents  during  the  handling  of  detonating  compositions  Are  nc  .  uncommon. 
A  few  typical  accidents  are  deait-with  in  this  paper. 


ACCIDENT  NO. 1 


An  accident  took  place  while  filling  Lead  Azide  in  the  Detonator  Az,  when 
the  composition  exploded  causing  injury  to  the  Operator  as  under 


a)  Deep  Lacerated  would  Involving  whole  of  the  left  hand  including 
bones  end  wrist. 

b)  Lacerated  wound  Right  Forearm. 

c)  Lacerated  wound  Left  Leg. 


STUDY 


It  is  knownthat  even  an  individual  crystal  of  Lead  Aside  denotes  just  in 
the  same  manner  as  »i  large  quantity  of  Aside  would.  This  compound  is  very 
sensitive  to  friction  rather  than  to  impact  >.nd  hear.  The  crystals,  which  are 
thin  aid  longer  then  0.1  mm  thick  can  detonate  even  in  the  breaking  operation. 

The  sensitivity  of  Lead  Azide  to  friction  does  not  got  deminished  by  vetting.  The 
microscopic  examination  plays  an  Important  role  in  avoiding  explosion.  Its  greater 
friction  sensitivity  should  make  one  wary  of  handling  the  loosa  material  without 
due  precautions. 

Taking  Into  consideration  the  above  characteristics,  and  baaed  on  the 
observations  of  the  spot  of  accident,  it  was  noted  that  while  the  composition  in 
a  paper  machc  container  was  being  handled  for  the  filling  by  rhe  Operative,  the  two 
likely  causes  leading  to  this  accident  could  be  - 

(a)  friction  between  the  particles  while  scooping  by  aluminium  scoop  or 

(b)  the  presence  of  thin  crystals  longer  than  C.l  mm  making  the  compound 
more  sensitive. 

The  chances  of  the  Operative^  aluminium  scoop  hitting  against  the  shield 
detonating  the  small  crystals*  adhering  to  it  and  this  in  curt,  causing  sympathetic 
detonation  could  not  be  ruled  out. 

..CCIDENT  NO.  2 

An  a  «.  pl«.„c  /hilt  hs.no 7  ing  A-l,  composition  (6-6-4  composition) 

while  transi  .*lng  om  the  hatchway  oi  rhe  c  Vcle  of  the  building  to  the  weighing 
bay.  During  this  ..transference  the  composition  t  un  causing  injury  to  the 
Operator  as  under 

a)  Multiple  Blast  Injury  to  the  Right  Fore-arm. 


STUDY. 


(A)  The  procedure  laid  down  for  the  storage,  transportation  and  transfer 
vas  as  under: 

The  composition  A-l  mixture  after  manufacture  is  stored  in  the  expense  store 
In  small  quantities  in  Tin  containers  duly  taped  at  their  mouth.  The  composition 
is  stored  in  the  Papier  Mache  DubbaB  placed  Inside  th<*  containers.  The  quantum 
of  A-l  mixture  is  the  one  which  has  been  fixed  by  the  experiments. 
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Thasa  Tin  Containers  ara  transported  to  tha  filling  unit  in  wood so 
carrier  boxna. 

At  tha  placa  of  the  filling  unit,  these  containers  ara  kept  In  hatch-way 
from  outside  the  cubicles  for  the  operative  to  collect  than  from  inside  aa  and  when 
required  for  transferring  to  the  filling  bay. 

The  transference  of  the  composition  from  the  Papier  Mache  Dubba  to  the 
hopper  la  carefully  done  and  the  Dubba  with  the  balance  quantity  of  the  composition 
is  kept  Inside  the  tin  container  on  a  table  behind  the  shield. 


(B)  Observations  at  the  spot  of  accidents  - 

The  contents  of  the  Papier  Mache  Dubba  are  equivalent  of  three  fillings 
of  the  Hopper. 

In  this  particular  instance,  it  was  observed  that  there  was  rot  trace  of  the 
Papier  Mache  Dubba;  that  there  was  a  large  hole  on  the  table  with  a  dark  patch 
beneath  it. 

(C)  Likely  causes  : 

The  .likely  cause  of  the  accident  could  be  attributed  to  the  accidental  hit 
of  the  Papier  Mache  Dubba  against  the  tin  container  or  the  steel  portion  of  the 
shield  whereby  a  few  particles  of  the  composition  likely  to  be  adhering  to  the 
outside  of  this  dubba  would  have  got  nipped  between  the  dubba  and  the  metal  portion. 


ACCIDENT  NO.  1 


Accidents  due  to  Improper  personnel  handling  these  compositions. 

STUDY 

In  one  particular  case,  it  was  observed  that  there  were  repetitive 
explosions  oi  the  ASA  composition  after  it's  use  for  filling  for  about  an  hour 
with  a  particular  Operator,  although  these  accidents  did  not  cause  any  major 
injury  either  co  the  equipments  or  to  the  Personnel.  On  a  careful  study,  it  was 
noted  that  this  particular  Operative  wsb  extremely  nervous  by  nature,  had  dry 
skin  and  used  to  develop  static  charge  on  his  body  despite  all  arrangements  of 
dissipation  of  the  same.  He  would  build  up  this  charger  practically  to  the  ignition 
level  and  this  would  cause  the  composition  opposite  him  and  behind  the  shield 
to  explode. 

The  day  this  operative  was  shifted  from  this  filling,  operation,  this  type 
of  accidental  explosion  came  down  near  to  the  zero  level. 


CONCLUSION 


All  these  case  studies  and "the  study  of  various  factors  to  be  followed  for 
the  prevention  of  these  hazards  lead  us  to  the  important  seven  basic  safety 
principles  to  be  followed  when  handling  these  detonating  compositions. 
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These  are 

1.  Do  not  dls-raapect  these  compositions. 

2.  Do  not  exceed  the  minimum  quantity  of  composition  needed  for  the 
operation. 

3.  Do  not  ruoh  vith  the  operations.  ^ 

4.  Do  not  under-estimate  the  safety  regulations  laid  down. 

5.  Do  not  forget  to  ground  yourself  before  entering  the  operating 
rooms  by  standing  on  the  earth  plate  and  holding  the  earthing  knob. 

6.  Do  not  forget  to  check  the  equipments  before  starting  the  operations 
on  them. 

7.  Do  not  accumulate  the  residual  compositions  excessively.  Handle 
them  carefully  and  dispose  off  as  per  standing  orders  on  the  same. 
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DETECTORS  FOR  OTTO  FUEL  IX. 

^|«J  4, 'At/  <J 

t  L?H. Armstrong,  BSc  CEng  MICheaE. 
Ministry  of  Defence  (Navy)  DST(AS). 


Otto  Pub  I  II  is  a  liquid  monopropellant  torpedo  fuel*  containing  me  the 
main  ingredient  1»2  propylene  glyool  dinitrate.  This  ester  is  toxic,  both 
by  inhalation  and  by  skin  absorption.  A  threshold  limit  value  of  0.2  parts 
per  nilllon  in  air  (that  is,  1.3  milligrams  per  cubic  metre  of  air)  was 
originally  established  by  the  National  Academy  of  Science  and  this  value 
was  also  specified  as  the  ceiling  value  for  PGDN. 

Several  changes  in  the  TLV  for  PGDN  have  been  proposed.  Most  recently,  on 
13th  May  1981,  the  American  Conference  of  Governmental  Industrial  Hygienists 
TLV  committee  proposed  a  change  to  0.0 5  ppm  in  the  TLV.  The  ceiling  value 
remains  at  0.2  ppm. 


The  British  Institute  of  Naval  Medicine  has  formed  a  working  group  on  Otto 
Fuel  toxicity,  and  agrees  these  values  and  has  re  commended  protective 
clothing,  special  ventilation  and  continuous  monitoring  of  the  atmosphere 
in  workrooms  where  Otto  Fuel  is  exposed. 


.  *w-  . 
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The  American  Mk  15  Otto  Fuel  Detector  is  used  for  continuous  monitoring, 
and  it  is  ideal  for  this  purpose.  But  more  was  needed.  Because  the  ceiling 
value  is  well  below  the  equilibrium  vapour  concentration  in  air  at  normal 
temperatures,  we  need  quick  warning  whenever  the  ceiling  value  is  exceeded. 
We  also  needed  a  reliable  metnod  of  checking  whether  cleaned  torpedo 
components  were  indeed  free  from  all  traces  of  Otto  Fuel,  because  these 
\  components  go  to  a  mechanical  assembly  area  where  no  special  precautions  are 
\  ,  taken  against  toxic  risks. 

^  The  Royal  Armament  Research  and  Development  Establishment  had  invented, 
designed  and  manufactured  an  explosives  detector,  to  respond  to  minute 
traces  of  nitroglycerin  based  explosives,.  This  detector  was  tried  and 
found  to  respond  efficiently  to  Otto  Fuel  without  modification,  and  so  was 
introduced  fcr  use  in  the  Royal  Naval  Armament  Depots,  but  it  was  not 
,  completely  succesful.  It  was  mechanically  robust,  because  it  had  been 
designed  to  be  used  by  soldiers,  but  it  was  too  sensitive,  and  the  gas- 
valve  assemblies  did  not  have  a  long,  leak-proof  life. 


This  basic  design  was  re-engineered  by  Messrs  Giaseby  Dynamics  of  Watford, 
England,  to  produce  a  commercial  explosives  detector.  The  special 
requirements  of  Otto  Fuel  detection  in  Royal  Naval  Armament  Depots  were 
discussed  with  this  firm  by  Mr  David  Butt  of  DSTA3  Armament  Engineering 
Division  and  the  Author,  and  an  especially  desensitised  model  was  produced, 
specifically  for  this  work. 

The  Requirement 

A-  The  detector  was  required  to  be  reliable,  and  to  respond  to  Otto  Fuel  II 
vapours  with  defined  sensitivity.  An  alarm  was  needed  at  the  ceiling 
value,  and  visual  indication  of  the  presence  of  fuel  vapours  at  lesser 
concentrations. 
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'-V, Great  sensitivity  would  be  a  disadvantage.  Traces  of  fuel  vapour  are 
powerfully  adsorbed  by  plastic  surfaces,  and  false  alarms  would  be  given 
by  a  very  sensitive  detector  held  close  to  any  electric  cable  or  similar 
component. 


Ideally,  the  detector  should  respond  to  no  other  chemical.  In  particular, 
chlorinated  hydrocarbon  solvents  should  produce  no  response  from  the 
instrument. 


The  detector  should  be  light,  portable,  robust  and  not  be  too  costly.  It 
should  be  able  to  work  continuously  for  a  minimum  of  six  hours.*-' 

The  PD2F  Detector  N. 

The  detector  contains  a  special  platinum-coated  filament,  whose  surface\ 
will  adsorb  contaminants  present  in  the  surrounding  gas.+ 

A  powerful  suction  pump  draws  gases  through  the  detector.  In  the  sampling 
mode,  a  mixture  of  the  sample  diluted  with  clean  air  and  primary  argon 
is  drawn  over  the  cold  filament.  Contaminants  in  the  sample  are  adsorbed  on 
to  the  filament  surface.  At  the  same  time,  a  small  flow  of  secondary  argon 
passes  through  the  electron  capture  detector,  to  keep  It  clean  and  maintain 
a  constant  electrical  signal. 

In  the  purging  mode,  the  suction  is  stopped.  Both  argon  flows  continue, 
but  the  fluidic  valve  closes  and  so  the  sample  and  air  mixture  1b  no 
longer  drawn  into  the  instrument.  The  primary  argon  flow  passes  over  the 
filament,  while  the  secondary  argon  flow  continues  to  pass  through  the 
detector. 

In  the  detection  mode,  the  filament  is  electrically  heated.  The  contaminants 
selectively  desorb  one  by  one,  and  at  a  particular  instant  the  valve  near 
the  detector  opens.  The  secondary  argon  flow  now  passes  directly  to  waste, 
while  the  primary  argon,  together  with  any  desorbed  traces  of  Otto  Fuel 
from  the  filament  passes  through  the  electron  capture  detector.  It  is 
fortunate  that  nitrate  esters  generally,  and  Otto  Fuel  in  particular,  bind 
very  firmly  indeed  to  the  filament  and  so  desorb  last,  and  are  easily 
separated  from  other  .sate rials.  This  sampling,  purging,  and  detection 
sequence  is  repeated  every  3i  seconds. 

The  electron  capture  detector  is  a  tube  containing  a  radioactive  source. 
Tritium,  adsorbed  onto  copper  foil,  provides  a  copious  source  of  low- 
energy  electrons  which  do  not  present  a  detectable  radioactive  hazard 
outside  the  body  of  the  tube  itself,  A  central  electrode,  suitably  biased, 
will  collect  some  of  the  electron  flow.  Any  impurity  present  in  the  gas 
passing  through  the  detector  will  capture  electrons  and  so  diminish  the 
current!  the  detector  is  very  sensitive  but  not  at  all  specific.  But  only 
the  strongly  adsorbed  contaminants  are  admitted  to  the  detector. 

Electronic  circuits  amplify  the  output  from  the  detector,  and  compare  it 
with  the  steady  state  current  when  pure  argon  is  flowing  through  the 
detector.  Any  difference  is  measured  and  presented  as  a  numerical  readout  . 
on  the  instrument  display.  An  audible  alarm  can  be  set  to  function  at 
any  desired  level. 


1802 


A  sealed,  nickel-oadmiu*  battery  pack  provides  electric  power  to  work  the 
pump  aitd  the  electronics.  A  small  cylinder  charged  to  2560  Ibo/sq  In 
contains  the  argon  which  is  used  as  &  carrier  gas  and  a  purge  gas.  Both 
the  battery  and  the  gas  supply  can  work  the  detector  for  at  least  six 
hours .  The  entire  equipaent  weighs  10  Kg. 

It  is  important  to  check  each  day  that  the  instrument  is  working,  by 
holding  it  near  a  contaminated  article.  These  checks  are  done  and  recorded 
daily,  before  work  starts. 

Experience  has  shown  that  six-monthly  calibration  is  required  to  maintain 
adequate  performance.  The  detector  is  checked  by  exposing  it  to  a  known 
concentration  of  Otic  Fuel  vapour  in  air.  This  is  produced  at  a  calibration 
centre  by  bleeding  a  known  volume  of  Otto  Fuel  at  a  steady,  known  rate 
from  a  motor-driven  microbuiatte  into  a  measured,  constant  air  flow.  The 
concentration  chosen  for  this  checking  is  0.2  ppm,  the  ceiling  value,  and 
the  detector  is  adjusted  to  read  20  at  this  concentration.  Coarse  adjustments 
are  effected  by  altering  the  size  of  the  metering  jets  which  admit  diluent 
air  to  the  sampling  head,  and  fine  adjustments  by  alterations  to  the  level 
of  inputs  to  the  electronic  gates  which  process  the  signal. 

The  digital  read-out  is  not  directly  related  to  the  concentration  of  fuel 
which  is  sensed  by  the  detector.  The  digital  output  is  a  continuous, 
monotonic  function  of  the  input  concentration,  but  is  not  directly 
proportional  to  it.  The  detector  is  only  checked  for  performance  at  the 
0.2  ppm  level,  the  concentration  which  is  legally  of  concern. 


Reference  s 

+  H  F  D  Bradshaw.  Platinum  Metals  Review,  October  1977,  Vol  21,  No  4. 
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Badger' 8  mission  has  bean  the  manufacture  of  military  propellants  during 
national  emergencies.  We  presently  stand  in  mobilisation  readiness  to  furnish 
allied  forces  conventional  military  propellants,  if  needed. 

x 

A  Production  was  discontinued  at  Badger  in  1975.  and  layaway  activities  to 
place  the  plant  in  mobilization  readiness  commenced,  At  this  time,  limited 
funding  permitted  only  general  clean-up  -  disposal  of  product  contamination  - 
and  preservation  of  equipment  and  facilities,  on  a  priority  basis.  The  result 
was  -  decontamination  was  limited,  and  has  been  a  continuous  process.  In  ad¬ 
dition,  activities  during  the  winter  months  were  drastically  curtailed  to  con¬ 
serve  fuel  for  heating  inactive  buildings. 


Our  production  mission  had  been  to  manufacture  single  base  solid  propel¬ 
lants  and  double-base  solventless  propellants.  The  primary  Ingredient  in 
these  propellants  is  nitrocellulose,  which,  in  the  process  of  manufacturing, 
ia  conveyed  from  location  to  location  in  a  water  slurry  form  through  enclosed 
pipelines,  In  the  manufacturing  process,  much  of  the  process  water  -  for 
economic  and  environmental  reasons  -  is  reused,  and  this  water  is  pumped 
through  pipelines  from  location  to  location  -  or  drains  by  gravity  through 
pipes  Into  settling  pits. 


These  systems  are  common  to  the  solid  propellant  Industry. 


Water-wet  nitrocellulose  is  not  a  hazardous  material  -  but  when  it  becomes 
dry,  it  is  sensitive  to  ignition  by  heat,  sparks,  friction  and  Impaction. 


Following  our  shutdown,  we  flushed  these  NC  pipelines  with  literally 


millions  of  gallons  of  water  to  remove  any  residual  NC  that  might  have  remained 


In  the  pipes  from  production.  Leter  -  as  we  were  disassembling  valves  for 
processing,  we  were  dumbfounded  by  the  quantity  of  NC  remaining  in  the  pipes  — 
and  were  faced  with  the  problem  of  cleaning  this  material  from  the  pipes 
efficiently  -  and  at  a  minimum  risk. 


Let's  look  at  some  examples  of  this  contamination. 


aminatii 


The  NC  In  our  pipelines  had  begun  to  become  dry  from  exposure  to  air  — 
not  only  Increasing  Its  lgnitablllty  —  but  posing  the  threat,of  propagation 
in  the  pipes  if  accidental  ignition  occurred.  Since  many  of  these  pipes  inter¬ 
connected  process  buildings  -  propogatlon  could  be  a  catastrophic  event. 
Therefore  —  the  method  we  might  select  to  clean  these  pipes  —  would  —  for 
safety  reaeons  —  require  preventing  ignition  and  possible  propagation  of  the 
NC  in  the  pipeline  system.  ^ 


These  pipelines  ranged  in  size  from  6  inch  to  30  inches  in  diameter.  They 
conveyed  nitrocellulose  from  station  to  station  --  building  to  building  —  area 
to  area.  In  some  locations  they  were  joined  together  in  various  lengths  by 
flanged  joints,  while  in  some  of  the  drain  lines,  they  were  welded  in  one  con¬ 
tinuous  line  between  valves.  The  risks  of  disconnecting  flanged  joints  and 
handling  large  sections  of  pipe  would  be  significant  —  and  was  determined  to  be 
unacceptable  from  both  an  explosive  and  material  handling  viewpoint.  The  welded 
lines  were  much  too  large  and  lengthy  to  remove  —  and,  cutting  them  into 
sections  that  could  be  handled  was  Immediately  rejected. 

While  we  were  weighing  various  possibilities  as  a  solution  to  our  problem 
—  an  advertisement  in  a  trade  magazine  for  a  device  called  "polly-pig"  caught 
our  eye  as  a  possible  method  to  safely  and  efficiently  remove  the  contamination 
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from  these  pipelines.  We  contacted  the  manufacturer  explaining  our  problem  and 
invited  then  to  demonstrate  the  polly-pig'a  ability  to  clean  pipelines. Their 
demonstration  was  very  impressive,  and  the  safety  considerations  were  satisfied. 
We  have  since  cleaned  thousands  of  feet  of  contaminated  pipelines  of  potentially 
hazardous  residual  material,  safely  and  efficiently. 

Not  only  has  this  method  saved  us  thousands  of  dollars  in  time  —  but  its 
use  practically  eliminated  our  safety  concern  about  NC  Ignition/propagation. 

With  a  minimum  material  handling,  we  cleaned  these  pipelines  in  place. 

What  is  this  polly-pig? 

The  polly-pig  is  simply  a  polyuerathane  plug,  molded  to  different  config¬ 
urations,  densities  and  sizes.  It  is  inserted  into  a  pipeline  and  pushed 
through  the  pipeline  hydraulically.  The  hydraulic  fluid  we  used  was  water,  be¬ 
cause,  as  I've  stated  -  water  desensitizes  nitrocellulose.  However,  other  flu¬ 
ids,  such  as  oils,  can  be  used  if  necessary  because  of  compatibility  or  their 
desensitizing  properties.  The  manufacturer  should  be  consulted  for  the  use  of 
specific  chemicals  as  hydraulics. 

With  suggestions  from  the  manufacturer,  we  fabricated  an  attachment  that 
we  could  use  to  connect  to  a  pipe  flanged  end  —  to  start  the  cleaning  plug  in 
the  pipeline  to  be  cleaned.  It's  a  simple  inexpensive  attachment  and  worked 
flawlessly.  This  slide  depicts  its  design  features.  (This,  by  the  way,  was 
for  a  12  inch  pipe.)  The  attachment  -  referred  to  as  a  launcher  -  is  bolted  to 
the  pipe  flange.  A  pressure  gauge  is  mounted  on  the  top,  and  a  drain  line  and 
valve,  at  the  bottom.  The  end  plate  of  the  launcher  is  provided  with  a  pipe 
connection  —  quick-acting  valve  and  fire  hose  connection.  The  pressure  gauge 
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not  only  depicted  the  water  pressure  being  applied  -  but  -  by  its  fluctuating 
action,  would  also  indicate  the  plug  was  progressing  through  the  pipe.  The 
drain  line  and  valve  at  the  bottom  permitted  draining  the  launcher  end  of  the 
system  after  the  plug  had  exited  the  discharge  end.  Fire  hydrant  water  was 
used,  which  made  it  convenient  to  attach  to  the  launcher.  Shown  here  are  the 
12  inch  plugs  that  were  used  to  clean  this  line.  On  the  ground  is  a  low 
density  polyuerathane  plug  referred  to  as  a  swab.  When  inserted  —  and  pushed 
through  the  pipeline  with  water  from  the  fire  hydrant  —  this  soft  plug  swept 
much  of  the  NC  ahead  of  It  and  out  the  open  end  of  the  pipeline,  along  with 
loose  rust  and  scale.  The  gentleman  is  holding  the  12  inch  plug,  which  has  a 
heavy  coating  of  high  density  polyuerathane  to  add  durability  to  the  plug  — 
and  also  more  effectively  remove  NC  that  was  caked  against  the  pipe  lining. 

By  removing  the  launcher  end  plate,  the  plug  (or  swab)  is  Inserted,  as  shown 
here.  The  end  plate  is  then  reattached  and  the  quick-acting  valve  opened  to 
allow  water  pressure  to  build  up  behind  the  plug.  It  only  took  approximately 
20  lbs.  water  pressure  to  propel  this  plug  through  the  pipeline. 


By  design  —  these  plugs  permit  some  water  to  flow  past  the  plug,  thereby 
wetting  the  product  in  the  line  ahead  of  the  plug  —  and  offering  a  stream  of 
liquid  on  which  the  loosened  material  could  better  flow  to  the  discharge  end 
of  the  pipe.  At  the  20  lbs.  pressure  we  used,  the  plug  progressed  through  the 
pipeline  at  approximately  15  linear  feet  per  minute. 


The  low  density  "swab"  readily  compresses  down  to  the  shape  and  size  of 
the  opening  in  the  pipe  —  retaining  most  of  its  contact  with  interior  surfaces. 
This  is  also  true  of  the  higher  density  plugs,  but  to  e  lesser  degree  of  com- 
pressability. 
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A  feature  of  interest  —  and  Importance  —  is  the  ability  of  these  de¬ 
vices  to  pass  through  valves  and  negotiate  turns  —  Including  turning  the  de¬ 
sired  direction  at  T's  or  crossovers.  Let's  look  at  a  hypothetical  illustra¬ 
tion  of  how  the  direction  can  be  controlled.  The  swab  or  plug  follows  the 
free-flow  of  liquid  that  precedes  it. 

These  devices  will  also  compress  and  clean  a  pipeline  that  consists  of 
different  diameters.  For  example  -  we  encountered  no  problem  when  we  started 
a  12  inch  plug  in  a  12  inch  pipe  that  reduced  to  10  inch.  An  increase  of 
water  pressure  to  approximately  30  lbs.  forced  the  12  inch  plug  through  the 
1C  inch  pipe. 

At  an  Olin  plant,  one  step  of  the  process  required  the  product  to  be 
conveyed  through  several  hundred  feet  of  pipe  that  reversed  its  direction 
every  18  feet.  At  least  once  a  year  the  u-bends  on  the  ends  of  these  pipes 
were  removed  and  the  pipeline  interior  cleaned  with  rods  and  cloth.  When  they 
were  told  of  our  experience  with  plugs,  they  were  able  to  propel  these  swabs 
and  plugs  through  the  entire  system  without  dissassembling  the  u-bends.  Not 
only  was  this  a  time-saver,  but  the  cleaning  was  more  effective  and  the  poten¬ 
tial  hazards  of  disassembly  were  practically  eliminated. 

The  material  loosened  and  swept  from  the  pipes  c^n  be  directed  into  a 
sump  or  catch  basin,  where  it  can  be  recovered  at  e  later  time  for  disposal. 

At  locations  where  these  facilities  were  rot  available,  we  directed  the  dis¬ 
charge  waters  containing  NC  through  a  200  mesh  screen  into  a  tank.  NC  would 
then  be  removed  from  the  screen  --  be  placed  in  powder  cans  —  spread  out  on 
burning  pads  to  dry  and  be  burned . 


Were  chose  devices  effective  la  renewing  NC  from  our  pipelines?  The 
answer  la  yes.  To  prove  this  effectiveness)  we  renewed  e  section  of  NC  con¬ 
taminated  pipe  from  a  pipeline  end  pieced  it  on  our  burning  ground  ped.  A 
train  of  excelsior  wss  extended  from  the  end  of  the  pipe  and  renotely  ignited. 
When  the  flame  reached  the  open  end  of  the  pipe  —  the  NC  Ignited  end  burned 
rapidly  from  both  ends  of  the  pipe. 

A  section  of  the  same  pipe  was  subjected  to  the  seme  test  —  after  clean¬ 
ing  with  these  devices,  and  there  was  no  material  (NC)  left  in  the  pipes  to 
support  combustion. 

We  ere  confident  that  the  pipelines  cleaned  In  this  manner  no  longer  pose 
a  threat  of  ignition  propogatlon.  Additionally,  the  flow  rate  In  our  pipe¬ 
lines  should  be  substantially  increased,  requiring  less  energy  to  transfer 
materials  when  we  resume  production. 

I  can  recall,  several  years  ago,  in  ammunition  loading  plants  —  the 
efforts  required  to  clean  vacuum  collector  lines.  The  lines  would  be  filled 
with  water  and  be  flushed  aud  back  flushed  to  wash  away  residual  fines.  I 
suggest  this  method  I've  described  be  explored  as  a  means  of  cleaning  vacuum 
collection  lines  safely  and  efficiently. 

This  method  is  also  being  used  in  municipalities  to  clean  water  mainB, 
Improving  the  c-value  and  reducing  the  energy  costs  for  water  service.  Perhaps 
the  water  distribution  systems  —  especially  those  for  fire  protection  in  our 
plants  —  could  bear  looking  at,  so  that  if  the  c-value  has  been  reduced  by 
lime,  scales  or  rust,  and  other  foreign  matter,  consideration  can  be  given  to 
restoration  by  this  method. 


Pnawatlc  impdileB  la  not**jaww>saded>  Ui  «ir  or  g*s  ant  be  u««i  - 
careful  consideration  should  be  given  to  dmeancitiglng  material  subject  to 
friction  ignition.  Also  -  *  substantial  retainer  should  ha  attached  to  the 
discharge  and  .to  retain  the  plug  as  it  exits  under  air  or  gas  pressure.  Pipes 
that  are  connected  by  slip  joints,  such  as  in  sewers  -  may  not  take  propulsive 
pressure  without  the  possibility  of  the  joints  separating.  We  have  discovered 
an  underground  procese  waste  drain  line  that  ia  contaninated  with  settled 
rocket  paste  powder.  We  intend  to  attach  a  strong  line  to  a  plug  and  pull  it 
through  this  waste  pipeline,  while  we  maintain  it  wet  with  a  flow  of  water. 

I  have  no  direct  or  indirect  interests  in  the  company  whose  brochures  I 
have  for  handouts.  I  simply  am  unaware  of  other  companion  manufacturing  o 
similar  product. 

You're  invited  to  take  one  of  these  brochures  and  also  inspect  these 
small  plugs  I  have  on  display. 

I'll  try  to  answer  any  questions  you  may  have. 
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BACKGROUND 


In  Europe,  real  estate  restrictions  make  siting  aircraft  shelters  and  munitions 
facilities  Increasingly  difficult.  Property  constraints  which  Tlmlt  air  base 
expansion;  and  Quantity  Distance  (QD)  criteria  which  tend  to  Increase  Inter¬ 
facility  spacing,  are  competing  factors.  Overly  restrictive  criteria  may 
compromise  operational  considerations  and  Impede  readiness.  ' 

The  QD'tfrlterla  now  in  use  In  Europe  for  the  separation  of  hardened  aircraft 
shelters  housing  aircraft  loaded  with  explosives  from  other  resources;  and  for 
the  separation  of  explosive  storage  sites  or  operating  sites  from  runways, 
taxlways,  and  other  A/C  shelters  were  derived  from  standards  for  A/C  parked  In 
the  open  and  are  generally  considered  overly  conservative. 

The  scope  and  coy  of  the  current  United  States  Air  Force  Europe  Air  Base 
Survivability  Program  construction  effort  demand  that  facility  siting  be 
accomplished  withYcrlterla  that  adequately  reflect  the  risks  from  potential 
explosion  sites.  -Jtiver  the  past  5  years  and  after  lengthy  discussions  and  analy¬ 
sis  only  twoT^mall  reductions  out  of  the  many  applicable  QD  factors  have  been 
approved.  At  this  point,  and  with  ^wOmiajor  policy  decisions,  one  by  the  DoD 
Explosive  Safety  Board  ^That  further  reductions  would  not  be  considered  without 
supporting  test  data,*  and  the  other  by  DoD  "that  all  new  construction  would  be 
sited  waiver  free,"  it  became  apparent  that  a  major  test  program  was  necessary 
If  any  further  QD  reductions  were  to  be  achieved. 


PROGRAM 


It  was  a  4.7  million  dollar, 
by  the  Defense  Nuclear  Agency 
overall  DNA  Theater  Nuclear 
program,  was  conducted  at  the 
September-November  1981  time 


DISTANT  RUNNER  Is  the  nickname  for  this  program, 
five  event  high  explosive  test  series,  conducted 
(DNA).  This  test  series,  an  Integral  part  of  th 
Forces  Survivability,  Security  and  Safety  (TNFS-- 
White  Sands  Missile  Range,  New  Mexico,  during 
period. 

c_ 

The  DISTANT  RUNNER  program  was  primarily  directed  at  addressing  the  suitability 
of  current  explosive  safety  quantity-distance  (QD)  criteria  for  the  hardened  Air 
Force  third-generation  aircraft  shelters  and  adjoining  runways  and  taxlways 


K 


The  overall  program  goal  together  with  the  four  specific  test  objectives  are 
shown  In  Figure  1. 
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DISTANT  RUNNER  TEST  PROGRAM 


GOAL 

•  PROVIDE  ADEQUATE  EMPIRICAL  DATA  TO  ASSESS 
AND  REVISE  CURRENT  QUANTITY- DISTANCE 
CRITERIA. 

OBJECTIVES 

1 .  ASSESS  CAPABILITY  OF  AIRCRAFT  SHELTERS  TO 
PROTECT  AIRCRAFT.  MUNITIONS,  AND  PERSONNEL 
FROM  EXTERNAL  EXPLOSIVE  EFFECTS 

2.  ASSESS  CAPABILITY  OF  AIRCRAFT  SHELTERS  TO 
PREVENT  OR  SUPPRESS  THE  PROPAGATION  OF 
INTERNAL  DETONATION  EFFECTS 

3.  ASSESS  COLLATERAL  DAMAGE  EFFECTS  TO  AND  VUL¬ 
NERABILITY  OF  NEARBY  RUNWAYS/TAXIWAYS 

4.  ACCOMMODATE  WEAPONS  STORAGE  TESTING 


Figure  1 


TESTBED 

The  general  testbed  location  was  In  the  northern  portion  of  the  White  Sands 
Missile  Range  In  the  Queen  15  area.  This  site  was  chosen  specifically  for  Its 
high  water  table  of  6-10  feet  below  the  surface.  This  geology  represented  the 
typical  worst  case  high  water  table  geology  for  the  European  Theater. 
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DISTANT  RUNNM 

TEST  StD  CONFIGURATION 


Shown  In  Figure  3  Is  the  DISTANT  RUNNER  testbed.  The  two  aircraft  shelters 
depicted  here  were  constructed  from  drawings  provided  by  USAF  Europe.  The 
shelters  were  built  exactly  to  those  specifications  with  the  following  few  minor 
exceptions  -  the  footings  were  2  feet  wider  than  usual  due  to  local  soil  con¬ 
ditions.  No  electrical  work  was  done  and  the  door  opening  mechanism  was  not 
Installed.  The  orientation  of  the  shelters  was  designed  so  that  the  required 
Information  could  be  obtained  from  the  minimum  number  of  external  events.  The 
runways/taxlways  were  also  of  standard  USAF  construction.  The  angled  taxiway 
was  designed  to  allow  for  a  range  of  damage  from  both  ground  shock  and  debris 
damage.  The  other  taxiway  leading  directly  Into  the  shelter  was  also  configured 
to  measure  a  range  of  damage  levels  and  was  oriented  In  line  with  ground  zero. 
Because  of  this  orientation,  the  damage  mechanisms  were  expected  to  be  different 
with  more  buckling  expected. 

Construction  began  in  September  1980  and  although  there  were  several  minor 
problems  construction  progressed  on  schedule.  In  August  1981  the  construction 
company  turned  the  two  full-scale  3rd  generation  A/C  shelters  over  to  the 
government  and  the  test  series  was  ready  to  commence.  To  add  further  authen¬ 
ticity  to  this  test  program  two  FlOl's  were  obtained  and  emplaced  In  the 
shelters  during  the  test  series. 
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RESULTS 


The  first  two  events  were  external  events  specifically  designed  to  meet  the  first 
test  objective  of  assessing  the  protective  capability  offered  by  the  shelters 
from  external  explosive  events.  The  first  event  was  conducted  on  2  Sept.  3,981. 

In  this  test,  both  third  generation  aircraft  shelters  and  the  adjacent  aircraft 
pavement  were  subjected  to  an  external  blast  loading  from  120  tons  of  Ajxionium 
Nitrate  and  Fuel  Oil  (ANFO)  as  shown  in  Figure  4. 


2  SEPTEMBER  1981 
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•  240.000  LBS  ANFO 

•  15  psi  SHELTER  B  SIDE-ON 

•  15  psi  SHELTER  A  END-ON 

•  F101B  AIRCRAFT  IN  EACH  SHELTER 


15  psi  EQUATES  TO  A  QD  OF  8  W>  '3  FOR  A  SURFACE  EXPLOSION 

16  psi  EQUATES  TO  A  QD  OF  5  Wl  FOR  A  CONTAINED  EXPLOSION 

Figure  4 


This  blast  was  designed  to  provide  a  15  psi  (103  kPa)  overpressure  and  490  psi- 
ms  (3378  kpa-ms)  impulse  environment  on  the  rear  of  one  shelter  and  the  side  of 
the  other  shelter. 


As  shown  in  Figure  5  the  actual  free  field  airblast  pressure  environment  was 
slightly  lower  than  predicted.  Measured  pressures  at  the  edge  of  the  shelter 
averaged  13  psi.  Free  field  positive  phase  overpressure  impulses  were  also 
lower  than  desired,  averaging  404  psi-ms  (2785  kPa-ms). 
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Damage  to  both  shelter  arches  was  slight  with  only  minor  cracking  of  the  concrete 
on  top  of  the  shelter.  In  the  shelter  oriented  rear  on  to  the  blast,  both  rear 
doors  were  blown  off  their  hangers  and  thrown  approximately  22  feet  Into  the 
shelter.  Additionally  the  steel  guide  angle  Iron  running  along  the  top  of  the  rear 
door  frame  was  pulled  off. 


In  the  shelter  with  a  side  on  orientation  only  one  rear  door  was  blown  off. 
Additionally  the  bolts  holding  the  two  cam  followers  nearest  the  Shelter  center 
line  on  both  front  doors  broke.  The  bolts  holding  the  rest  of  the  cam  followers 
and  blast  deflector  plates  yielded  as  evidenced  by  loose  washers  and  loose  blast 
deflector  plates. 


The  next  two  Figures  depict  the  peak  Internal  overpressures.  In  the  shelter 
with  the  rear-on-exposure,  pressure  varied  from  .6  to  1.4  psl. 
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2  SEP  81  INTERNAL  PRESSURE  ISOBAR  CHART 


Figure  7 

As  far  as  damage  to  the  taxlways  went  It  was  minimal.  The  taxiway  that  was  the 
closest  to  ground  zero  sustained  only  two  small  1/8"  wide  cracks  and  the  other 
taxiway  sustained  no  damage  at  all. 

The  second  external  event  took  place  on  7  October  1981. 

This  was  also  a  120  ton  ANFO  charge  oriented  to  provide  15  psl  overpressure  and 
490  psl-ms  Impulse  on  the  front  of  one  shelter  as  shown  In  Figure  8, 


7  OCTOBER  1981 


«  240,000  LOS  ANFO 

•  18  pai  SHELTER  A  FRONT  ON 
«  7.8  pH  SHELTER  S  OBLIQUE 

•  FI  01 9  AIRCRAFT  IN  EACH  SHELTER 


15  pH  EQUATES  TO  A  QO  OF  8  Wl  /3  FOR  A  SURFACE  EXPLOSION 
IS  pH  EQUATES  TO  A  QO  OF  6  Wl/3  FOR  A  CONTAINED  EXPLOSION 

Figure  8 


Overpressure  readings  were  higher  on  this  event  averaging  17  psl  on  the  front 
of  the  shelter  with  an  average  Impulse  of  487  psl-ms.  The  free-fleld 
blast  environment  for  this  event  Is  shown  In  Figure  9. 
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17  PSI  AT  460  FEET 
QO  K  FACTOR  OF  7.7 
FRONT  ODOR  DAMAGED 

EXHAUST  PORT  DOORS 
FAILED  (SHELTER  A) 

NO  OAMAGE  TO 
SHELTER  WALLS 
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Figure  9 
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Damage  to  th«  arch  was  slight  with  only  some  chipping  of  the  concrete  noted 
along  the  front  edge  of  the  arch.  Even  though  the  rear  doors  had  been  welded 
back  Into  place  after  the  1st  event,  this  shot  caused  some  welds  to  be  broken 
on  one  of  the  doors  while  the  other  one  failed  completely. 

The  front  doors  of  the  nearest  shelter  received  considerable  damage  from  the 
blast.  The  tops  of  the  shelter  doors  were  bent  and  approximately  18  Inches  and 
buckling  was  noted  In  the  supporting  truss  work.  All  of  the  bolts  holding  the 
cam  followers  and  blast  deflector  shields  failed,  in  fact,  both  front  doors 
moved  outward,  that  Is  toward  SZ,  approximately  14-16  Inches. 

Internal  peak  positive  pressure  ranged  from  .4  to  1.1  psl  as  shown  In  Figure  10. 
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Figure  10 
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Visible  damage  to  the  taxiway  was  minimal,  only  slight  buckling  and  a  couple  of 
thin  cracks  were  seen,  there  was  a  permanent  displacement  of  1.08  inches  down 
at  the  end  of  the  taxiway  nearest  GZ. 

There  were  no  significant  observations  on  the  shelter  or  taxiway,  receiving 
the  oblique  blast  effects  from  thJ"  event. 

As  a  result  of  these  two  external  events  the  following  conclusions  were  reached. 

(1)  The  shelters  are  capable  of  withstanding  overpressures  of  approximately 
17.6  psi  which  equates  to  Q.D.  of  7.7. 

(2)  The  exhaust  port  doors  failed  at  Q.D.  of  8.8. 

(3)  Pressure  buildup  inside  the  shelters  was  generally  below  1.6  psi. 

(4)  The  front  doors  in  all  cases  remained  intact  and  movable, 
however,  they  sustained  moderate  damage. 

(5)  Taxi way/runway  pavement  damage  was  negligible. 

Next  we  come  to  the  three  internal  events  -  these  events  were  designed  to  deter¬ 
mine  the  blast  attenuation  characteristics  of  the  third  generation  aircraft 
shelters. 

The  smallest  event  took  place  on  6  Nov  1931. 

In  this  test  four  AIM-9  warheads,  42  lbs  net  explosive  weight,  were  detonated. 
This  simulated  the  detonation  of  a  weapons  load  for  an  aircraft  loaded  with  air- 
to-air  weapons.  As  shown  in  Figure  11  the  warheads  were  located  in  the  shelter 
as  if  they  were  on  a  plane.  Oetonating  of  all  warheads  was  simultaneous. 


6  NOVEMBER  1981 


•  4  AIM-9  AIR  TO  AIR  MISSILES 
(42  LBS  NEW) 


2  AM  •  WARHEADS 
ELEVATED  2*  Of*  El  00#  . 

CEfcT^UNE 

'  I 

2  AM  0  WARHEADS  / 

ELEVATED  2*  OFF  FLOOR 

REAR  WALL  OF  SHELTER 


Figure  11 
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Damage  to  the  shelter  arch  was  minimal.  Shrapnel  from  the  warheads  spalled  the 
shelter  floor  and  dented  and  penetrated  the  rear  doors.  The  front  doors  were 
pushed  forward  approximately  21  feet. 


External  free  field  peak  overpressure  levels  are  shown  on  Figure  12. 
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•  MINIMAL  OAMAQE  TO  ARCH 
WALLS 


•  FRONT  DOORS  MOVED  OUT 
21  FEET 
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The  next  Internal  event  In  size  took  place  on  28  Oct  1981.  In  this 
test  12  IK >82  boats  totaling  2,292  lbs  of  exp 1  pelves  were  detonated  Inside 
a  shelter.  The  test  configuration  Is  shown  In  figure  18* 

28  OCTOBER  1881 


MCTION  A  •  A 


Figure  13 

These  bombs,  which  represented  a  typical  air-to-ground  sortie  load,  were  placed 
under  a  F101B  aircraft  In  a  typical  load  configuration.  Actual  weapons  and  a 
plane  were  used  In  order  to  evaluate  debris  patterns  accurately.  The  purpose  of 
this  event  was  to  Investigate  the  blast  pressure  and  debris  hazards  created  by 
an  accidental  explosion  In  the  shelter.  This  event  also  served  to  test  a  proto¬ 
type  weapons  storage  vault  which  had  been  emplaced  Inside  the  shelter.  (No 
damage  to  the  vault  or  Its  contents  was  evident.  A  final  report  on  the  weapons 
storage  vault  will  be  Issued  by  the  Air  Force  Weapons  Laboratory.) 

As  a  result  of  this  test  the  shelter  was  completely  destroyed.  A  preliminary 
review  of  high  speed  technical  photography  Indicated  the  following  sequence  of 
events. 


The  explosion  first  caused  all  the  doors  to  fall.  Next,  the  arch  was  lifted  and 
separated  from  the  foundation  at  their  Interface.  As  It  was  lifted  the  two 
halves  of  the  arch  separated  at  the  crown  and  were  propelled  outward  before 
breaking  up.  Large  sections  of  the  arch  were  thrown  horizontally  approximately 
200  feet. 
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Figure  14 


Figure  14  depicts  the  free  field  overpressure  from  the  event.  In  general,  at 
the  same  range,  higher  peak  overpressures  occurred  at  the  front  and  sides  of  the 
shelter  than  at  the  rear.  The  relatively  lower  overpressures  In  the  free  field 
to  the  rear  of  the  shelter  were  probably  due  to  the  protection  provided  by  the 
massive  blast  deflector  and  generator  room  at  the  rear  of  the  shelter. 


As  debris  Is  also  a  major  contributor  to  QD  determination,  a  debris  survey  was 
conducted  following  the  event.  As  this  specific  effort  will  be  reported  on  by 
Dr.  Jerry  Hard  of  NSWC  In  a  separate  paper  Figure  15  depicting  the  large  debris 
map  Is  all  that  will  be  shown  here.  The  maximum  range  of  1722  feet  of  surveyed 
debris  on  this  event  was  for  a  section  of  ring  beam  weighing  355  lbs. 


Figure  15 


The  last  Internal  event  occurred  on  18  November  1981.  In  this  test  48  MK-82 
general  purpose  bombs  totaling  9168  lbs.  were  detonated  Inside  the  remaining 
shelter.  Twelve  of  the  bombs  were  positioned  beneath  an  F101  aircraft  to  slmu- 
late  an  aircraft  loaded  with  air-to-ground  munitions.  The  other  36  bombs  were 
positioned  near  the  airplane  and  at  the  front  comers  of  the  shelter  (as  shown 
In  Figure  16)  to  simulate  additional  weapons  also  stored  within  the  shelter. 
Again  the  purpose  of  the  test  was  to  Investigate  external  blast  pressure  and 
debris  hazards  caused  by  the  accidental  simultaneous  detonation  of  explosives 
stored  Inside  an  aircraft  shelter. 
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48  MK-82  BOMBS 
(9188  LB  NEW) 

F101B  AIRCRAFT  PARKED  IN  SHELTER 


Figure  16 


The  shelter  was  completely  destroyed.  Again  the  front  doors  were  the  first  to 
fall  followed  by  the  rear  blast  deflector  doors  and  then  the  personnel  access 
door.  Next  the  arch  failed  at  the  foundation  Interface  and  at  the  crown  at 
approximately  the  same  time.  The  two  halves  of  the  arch  were  propelled  outward 
horizontally  before  breaking  up. 


Figure  17  shews  four  peak  pressure  1  sober*  for  the  free  field*.  The  10  psl,  $  , 
psl,  end  1.2  psl  Isobars  were  not  extended  to  the  northwest  side  of  the  shelter 
due  to  a  lack  of  gages  In  that  area. 
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Figure  17 


Pressures  to  the  side  of  the  shelter  were  again  generally  higher  than  either  to 
the  front  or  rear.  As  far  as  debris  was  concerned  the  shelter  broke  up  In  many 
large  parts  with  a  fairly  uniform  pattern.  Putting  all  three  Internal  events 
together  the  following  conclusions  are  evident: 


Flrst-the  shelter  will  contain  an  accidental  explosion  of  a  typical  air-to- 
air  sortie  load. 


Secondly  there  appears  to  be  a  slight  overpressure  suppression  to  the  front  and 
rear  of  the  shelter,  however,  there  also  appears  to  be  an  x>ver  pres  sure  enhan¬ 
cement  on  the  side  of  the  shelter  opposite  the  personnel  door  largely  due  to  the 
shelter  failure  mode. 

And  lastly  there  appears  to  be  a  significant  debris  hazard. 


Figure  18  combines  the  results  of  the  5  events  together  end  translates 
them  Into  recommended  changes  to  the  safety  quantity  distance  factors. 
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Figure  18 

Note  the  significant  decreases  recommended  as  a  result  of  the 
external  explosive  tests. 

On  the  other  hand  no  change  of  QD  factors  involving  the  suppression  capability 
of  the  shelters  is  recommended  pending  a  detailed  review  of  the  debris  hazard. 

These  recommendations  are  DNA‘s,  the  decision  authority  of  course  rests  with  the 
OoD  Explosive  Safety  Board. 

As  a  final  footnote  to  this  entire  test  series:  several  actions  have  already 
happened  as  a  direct  result  of  these  5  events. 

Flrst-ln  February  1982  the  DODESB  changed  the  QD  factors  for  munitions 
storage  area:  to  A/C  shelters  from  K«30  to  K»5  for  storage  Igloos  and  K-8  from 
open  storage  sites. 

Additionally  the  U.S.  has  presented  a  working  paper  to  NATO  Subgroup  AC/258 
recommending  similar  changes  to  NATO  standards. 

On  the  structural  side— the  AF  Engineering  &  Services  Center  is  reviewing  for 
possible  modification. 
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1.  The  shelter  foundation  to  arch  bond 

2.  The  possible  use  of  shorter  ring  beams 

3.  Redesign  of  exhaust  post  doors 

4.  Redesign  of  exhaust  deflector 

5.  Use  of  higher  strength  bolts  on  blast  deflector. 

6.  Possible  elimination  of  horizontal  guide  rollers. 

In  summary,  this  test  series  has  been  highly  beneficial  to 
and  the  results  will  be  felt  for  years  to  come. 


DR.  JERRY  H.  WARD 


NAVAL  SURFACE  WEAPONS  CENTER 
EXPLOSION  DYNAMICS  BRANCH 
White  Oak,  Silver  Spring,  Maryland  20910 
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DISTANT  RUNNER  -  DEBRIS  RECOVERY  AND 
ANALYSIS  PROGRAM  FOR  EVENTS  4  AND  5 

SUMMARY 


This  paper  presents  the  results  of  the  debris  collection  and  analysis 
program  for  Events  4  and  5  of  Operation  DISTANT  RUNNER.  The  program  objective 
was  to  provide  adequate  empirical  debris  data  to  assess/reviee  the  current 
quantity-diltance  (Q-D)  criteria  (debris  effects)  for  the  Air  Force  third- 
generation  hardened  aircraft  shelter  used  by  NATO  forces  in  Europe.  Debris 
patterns  produced  by  detonations  within  the  shelter  were  determined  and 
debris  Impact  energies  were  evaluated  to  meet  this  objective.  ^ 

The  following  aspects  of  the  debris  collection  and  analysia's?u:ogram  are 
discussed:  Predictions  for  confined-explosion  gas  pressures,  in cereal /external 
airblast,  Initial  debris  velocities,  and  debris  impact  ranges;  Test  Setup  and 
Procedures  for  ground  pickup/survey  of  debris  and  for  fiberboard  bundlKdebris 
collection;  Debris  Data  Base  Summary  of  the  extensive  collection  of  data 
acquired  during  the  tests  Including  weight/d intensions/ location  measurements 
(estimates)  for  more  than  7900  pieces  of  debris  plus  locations  for  more  than 
8400  pieces  of  debris  determined  by  photogrammetric  analysis  of  aerial  photos; 
Discussion  of  Results  for  the  comparison  between  predicted  and  measured  values 
for  initial  debris  velocities,  the  estimates  of  debris  shape  factors,  the 
evaluations  of  debris  numbers  (or  size,  weight)  and  areal  distributions,  and 
the  determination  of  debris  hazard  ranges;  Conclusions  from  the  predictions/ 
tests/analyses . 

The  debris  hazard  ranges  (in  units  of  ft  where  W  is  the  explosive  weight 
in  lb)  were  determined  from  the  test  data  to  be  (for  each  orientation  of  the 
shelter):  front  —  50W1/3,  side  —  62W^/3,  and  rear  —  40W1/-*.  The  hazard 
was  controlled  by  debris  with  a  weight  greater  than  or  equal  to  0.3  lbs. 

Debris  collection  by  fiberboard  bundles  (vertical  targets)  was  unsatis¬ 
factory.  Insufficient  data  were  acquired  for  the  costs/time  incurred  to 
set  up  the  bundle  collection  array. 
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DISTANT  RUMOR  is  the  nans  of  ft  five  event  high  explosive  G«ftt  set  lea 
conducted  by  Field  Contend,  Defense  Nuclear  Agency  (FCDKA)  at  the  White  Sand* 
Missile  Rang*  (WflMR)  QUEEN  15  alts  during  tha  period  August  through  December  1981 . 
Tits  test  ear tea  is  part  of  tha  Dafanaa  Nuclear  Agency's  Theater  Nuclear  Forces 
Survivability,  Security,  and  Safety  Program. 

An  overview  of  the  planned  teat  program  was  presented  at  the  1980  Explosives 
Safety  Seminar. ^  Overall  results  and  conclusions  obtained  from  the  test 
results  and  analyses  are  presented  in  the  first  paper  in  the  present  technical 
session.  Detailed  results  from  tests  and  analyses  were  presented  at  the 
DISTANT  RUNNER  Results  Symposium.3 

Event  1  of  the  explosion  test  series  exposed  one  (designated  A)  of  two 
full-aize  Air  Force,  third  generation,  hardened  aircraft  shelters  to  an 
Internal  pressure  and  fragment  loading  created  by  the  detonation  of  42  lb  of 
explosives  (HBX-1)  inside  the  shelter.  The  explosion  source  was  four  AIM-9 
(SIDEWINDER)  warheads.  Event  2  exposed  both  shelters  to  15  psi  peak  overpressure 
and  a  positive  phase  impulse  of  490  psi-ms  from  120  tons  of  ammonium  nitrate 
fuel  oil  (ANFO) .  Event  3  re-exposed  one  shelter  (designated  A)  to  15  pel  and 
the  other  shelter  (designated  B)  to  7.8  psi  peak  overpressure .  The  ANFO  explo¬ 
sive  yield  was  again  120  tons. 

Following  the  above  "pre-conditioning"  events.  Events  4  and  5,  the  subject 
of  this  paper,  were  Included  in  the  DISTANT  RUNNER  program  to  Investigate  the 
capability  of  the  shelter  designs  to  withstand  internal  pressure  loadings. 

Figure  1  gives  an  external  view  of  the  reinforced  concrete  shelter  in  the  test 
configuration  with  the  dyed  concrete  arch  sections.  The  outside  surface  of  the 
structure  is  bare  concrete  whereas  the  inside  surface  is  covered  will  spall 
plates. 

Event  4  exposed  one  shelter  (designated  B)  to  an  internal  pressure  loading 
generated  by  the  simultaneous  detonation  of  twelve  MK  82  bombs  (explosive  weight 
2292  lb  TRITONAL)  inside  the  shelter.  The  bombs  were  positioned  below  an 
obsolete  aircraft  (RF  101C)  to  represent  a  loaded  aircraft. 

Event  5  exposed  the  other  shelter  (designated  A)  to  an  internal  pressure 
loading  created  by  the  simultaneous  detonation  of  forty-eight  MK  82  bombs 
(explosive  weight  -  9168  lb  TRITONAL)  inside  the  shelter.  Twenty-four  of  the 
bombs  were  positioned  below  an  RF  101C  to  represent  a  fully  loaded  aircraft 
whereas  the  other  twenty-four  bombs  were  placed  near  the  front  doors  of  the 
shelter  in  groups  of  twelve  each  to  represent  separate  trailer  loads  of  bombs. 

^TCOL  R.  A.  Flory ,  "DISTANT  RUNNER,"  Minutes  of  the  19th  Explosives  Safety 
Seminar,  DOD  Explosives  Safety  Board,  Washington,  DC,  Sep  1980. 

2LTC0L  R.  A.  Flory,  "DISTANT  RUNNER  Results,"  Minutes  of  the  20th  Explosives 
Safety  Seminar,  DOD  Explosives  Safety  Board,  Washington,  DC,  Aug  1982. 

\tC0L  R.  Bousek,  et  al,  "Proceedings  of  the  DISTANT  RUNNER  Results  Symposium 
27  through  28  April  1982,"  P0R  7063,  Defense  Nuclear  Agency,  Washington,  DC. 
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PREDICTIONS 


Calculation*  wera  parformad  to  determine  the  conflned-exp lotion  gee 
pressure"  genera tion/dscay  and  tha  internal /external  airblust  eneiroamamt * 
Thaaa  computation*  ware  caad  to  predict  initial  wall  (debris)  velocities  by 
considering  Impulse  contributions  from  the  qoaal-atatic  pressure  generation/ 
decay  (In_g)  and  from  the  reflected  shock  (Ip)  produced  by  each  boob  cluster 
located  inside  the  shelters.  The  velocity  component*  were  determined  from 
each  impulse  component  using  the  expression! 


v  -  g  I/w 


where  v  »  velocity,  ft/s 

2 

g  »  gravitational  constant,  32.2  ft/s 
I  *  impulse,  lb-a/ft^ 

2 

w  *  shelter  wall  ereal  weight  density,  lb/ft 


The  wall  ereal  weight  densities  for  the  front  door,  aide  (arch)  wall,  and  the 
rear  wall  are  152,  350,  and  263  lb/ft^,  respectively.  An  additional  velocity 
component  (due  to  spelling)  was  considered  for  regions  on  the  inside  shelter 
wall  at  which  the  reflected  pressures  were  computed  to  be  greater  than  three 
times  the  tensile  strength  of  concrete  (~400  psi) .  The  spall  velocity 
contribution  was  estimated  to  be  V5T  vR  where  vR  is  the  wall  velocity  component 
corresponding  to  the  reflected  Impulse  contribution. 


The  following  comments  concerning  the  debris  velocity  prediction  model  are 
in  order: 


(1)  The  higher  blast  loading  in  the  corners  of  the  shelter  were  not 
considered. 

(2)  Debris  ejection  that  would  occur  as  doors  open  (such  as  the  shelter 
front  doors)  or  as  sections  of  the  walls  separate  were  not  considered. 

(3)  Only  single  values  for  velocity  (average)  and  launch  angle  (surface 
normal)  were  considered  at  selected  points  on  the  shelter ,  not 
distributions. 

The  debris  velocity  prediction  wcHel  was  used  for  determining  average 
values  for  initial  wall  (debris)  motion.  Using  these  velocity  values  ab 
inputs,  trajectory  calculations  were  performed  to  determine  impact  ranges  for 
various  debris  weights  launched  from  selected  locations  on  the  shelter. 
Predictions  of  areal  densities  following  the  internal  explosion  events  were 
beyond  the  scope  of  this  effort. 


The  confined-explosion  gas  pressure  is  the  peak  value  of  tie  long-duration 
quasi-static  (Q-S)  pressure  which  exists  in  a  confining  compartment  following 
all  of  the  reverberations  of  the  shock  waves  produced  by  the  explosion  inside 
the  compartment.^ 


^Proctor,  J.  F.,  "Internal  Blast  Damage  Mechanisms  Computer  Program,"  Naval 
Ordnance  Laboratory,  NQLTR  72-231,  AD  759002,  Silver  Spring,  MD  2U910  (Aug  1972). 
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Plgu.  i  2  presents  tha  bomb  cluster  location*  Inolda  tha  shelters  and  the 
shelter  coordinate  system  (not*  location  of  <x,  y,  a)  origin))  for  both  ovofeta. 
Fifty-eight  txl4  point*  novo  defined  on  tha  aircraft  shelter  for  tha  purposes 
of  establishing  a  spatial  distribution  for  tha  initial  velocities  of  tha  ahaltar 
debris,  the  grid  points  are  identified  In  Figure  3. 


Tha  confined  explosion  gas  pressures  aud  subsequent  decays  war*  estimated 
using  the  methods  developed  by  Proctor.  The  FORTRAN  computer  cods  INdLAS* 
(Combustion  with  Vsntlng  option)  was  used  for  these  computations.  The  Input 
data  required  and  tha  calculated  results  are  summarized  In  Table  1  for  both 
events. 

Referring  to  the  entrlea  in  Tabic  1,  the  MX  82  bombs  were  loaded  (191  lb 
each)  with  TR1T0NAL  (TNT/A1,  80/20).  The  explosion  gas  products  vare  assumed 
Co  expand  to  ths  entire  shelter  volume  before  any  appreciable  venting  occurred. 
The  W/V  explosion  loading  was  determined  by  dividing  tha  charge  weight  by  the 
shelter  volume.  The  vent  area  for  both  events  was  estimated  to  be  equal  to 
the  sum  of  tha  areas  for  all  exhaust  ports  plus  the  areas  for  the  personnel 
door,  rear  door,  and  the  front  doors;  that  is,  all  doors  ware  assumed  to  have 
opened  Instantaneously.  The  conf lned-exploelon  gas  pressures  and  vsnt  times 
are  the  outputs  from  the  INBLA'J  program.  The  "quaoi-static"  Impulses  (Iq-s) 
were  determined  by  Integrating  the  quaai-ctatlc  pressures  over  the  duration 
of  the  time-dependent  venting.  The  "quasi-static”  wall  velocity  (vy_g) 
components  were  obtained  from  the  Iq_g  contributions  as  described  above. 

Internal/External  Airblast 

Tha  blast  environments  for  both  events  were  determined  using  the  methods 
of  the  Unified  Theory  of  Explosions  (UTE)  developed  by  Porsel.-'  The  computer 
program  UTEDMG^  and  calculator  program  UTK*  were  used  to  compute  the  blast 
environment  parameters  (side-on  pressure  (Pg) ,  reflected  pressure  (PR) ,  and 
reflected  impulse  (IR))  as  functions  of  range.  Separate  calculations  were  made 
for  each  bomb  arrangement  used  Inside  the  shelter  for  both  events  (see  Figure  2) : 
(a)  a  three-bomb  cluster,  (b)  a  six-bomb  cluster,  (c)  a  twelve-bomb  duster, 

(also  the  total  load  for  Eveut  4)  and  (d)  a  forty-eight  bomb  cluster  (total 
load  for  Event  5) .  The  required  input  data  for  UTEDMG  (or  UTE)  Include  atmos¬ 
pheric  pressure  and  density  (teat  site  conditions  -  4200  ft  altitude),  explosive 
weight  (191  lb  TRITONAL  per  bo«ri>),  TNT  equivalent  (1.07),  case  weight  (311  lb 
per  bomb)  and  ground  surface  reflection  coefficient  (2.0). 

Some  of  the  airblast  results  for  inside  the  shelter  ere  displayed  in  Figure  4 
reflected  pressure  is  presented  as  a  function  of  range  for  the  three-,  six-, 
and  twelve-bomb  clusters  located  inside  the  shelters.  Debrir  velocity  results 
based  on  the  reflected  impulse  imparted  by  the  separate  bomb  clusters  at  each 
wall  grid  location  (see  Figure  3)  were  obtained  from  these  airblast  calculations; 

^Porsel,  P.  8.,  "Introduction  to  a  Unified  Theory  of  Explosions,"  Naval 
Ordnance  Laboratory,  N0LTR  72-209,  Sep  1972. 

*RASIC  program  UTEDMG  was  programmed  for  the  HP-4 1C  hand  held  calculator  by 
R.  A.  Lorenz  cf  N8WC. 


IitlnUs  of  airblait  beyond  tha  confine  a  of  tha  shelter  war*  required  la 
order  Co  design  tha  stands  for  tha  vertical  targets  (fiber board  bundles)  used 
to  collect  the  debris,  the  external  eide-on  pressure-distance  curves  for  the 
events  as  computed  by  0TB  for  twelve  bomba  (Event  4)  and  forty-eight  bo*ba 
(Bvent  5)  ere  presented  in  Vlgure  5.  The  mass  effect  of  the  ahelter  was  not 
included  In  the  pressure-distance  results  presented  In  flgurp  5,  nor  should 
it  ba,  becausa  the  shelter  material  was  not  In  intimate  contact  (lamadlata 
surround)  with  tha  explosive  as  wsa  the  warhead  case  malarial .  However,  the 
reeulte  ere  based  on  the  assumption  that  tha  shelter  does  break  up  ao  as  to 
not  contain  tha  internal  explosion. 

Initial  Debris  Velocity 

Initial  debris  velocities  computed  for  tha  grid  points  designated  In 
Figure  3  ere  presented  in  Table  2  for  Bvent  5.  The  velocities  listed  In  this 
table  ere  determined  aa  follows * 

v-_g  —  The  "quesl-atatlc"  velocities  are  given  by  Table  1  for  each 
'  wall  (front,  aids,  and  rear)  and  for  aach  event. 

EVg  —  The  aua  of  the  "reflected-impulse"  velocities  la  obtained  by 
lj  evaluating  tha  dabria  valocity  functions  dsteralned  for  aach 
bomb  clustar  in  each  event  at  the  appropriate  distance  to  the 
specific  well  and  summing  tha  contributions. 

VT  •  v0  -  +  Ev_  —  The  total  velocity  (without  spalling) 
v  ij  i 

vs  ■  Vq_s  -f  Evr  —  The  totel  velocity  (with  spelling) 

is  included  at  those  grid  point  locations  (Bvent  5)  where 
the  reflected  pressure  (PR)  exceeds  1200  pel  (three  times 
the  tensile  strength  of  concrete) .  Predictions  indicated 
that  spalling  would  not  occur  for  Event  4. 

Debris  Impact  Range 

The  total  velocities  v»  (or  v„,  where  appropriate)  such  as  given  in  Table  2 
for  Event  5  were  used  as  initial  velocities  for  trajectory  calculations  to 
obtain  estimates  of  debris  impact  ranges.  Computer  program  TRAJ®  was  used  with 
the  following  range  of  ix.put  parameters  at  the  shelter  grid  locations  shown  in 
Figure  3. 


Debris  weights  (w/o  spalling),  lb:  0.1  -  100.0 

Debris  weights  (w/spalling) ,  lb:  0.01  -  10.0 

2  2/3 

Debris  drag  areas,  ft  :  A  -  (M/(Bpc))  /  B  ■  shape  factor  »  1/3  and 

Drag  coefficient:  CD  ■  1.0  'pc  ”  concrete  density 

Initial  debris  coordinates  and  launch  angles  correspond  to  the  grid  points 
in  Figure  3. 

Initial  debris  velocities  are  taken  from  computed  results  such  as  Table  2 
for  Event  5. 

^Porzel,  F.  B  ,  "Technology  Base  of  the  Navy  Explosives  Safety  Improvement 
Program,"  Minutes  of  the  19th  Explosives  Safety  Seminar,  D0D  Explosives  Safety 
Board,  Washington,  DC,  Sep  1980. 
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Ths  dabrio  collection  Cant  setups  for  Events  4  and  5  are  itnwi  sche¬ 
matically  la  Figure*  6  and  7.  Bull dins  (zheltsr  )  S  was  tha  datamation  aica 
for  Evaht  4  and  shelter  A  waa  th*  datmatlon  alta  for  Kvaat  3. 

Three  3°  rac ovary  aaccora  (for  eollactlng  dabrla  in  rha  ground  aurfaea 
plana)  for  aach  avant  vara  prapcrad  by  VSNK.  tha  praparaclon  of  cbaaa 
aaccora  Included  surveying ,  clearing  »  narking  in  30  ft  increments,  and  spraying 
with  a  duat  suppraaaanc.  Tha  aactora  ranged  between  30  ft  f ran the  ahelter 
walla  to  a  dlatanca  from  the  ahaltar  walla  equivalent  to  50  V*”  ft  where  V  ia 
tha  exploalve  weight  for  the  event  in  lb.  However •  dabrla  recovery  waa  not 
conducted  in  the  doae-in  regions  of  the  sectors  because  of  the  naaelve 
quantities  and  slsea  of  tha  debris  in  these  areas.  The  extant  of  the  recovery 
operations  for  each  of  tha  5°  recovery  areaa  la  indicated  in  the  figures. 

Tar-Impregnated  fiberboard  bundles  were  erected  at  tha  teat  site  as  vertical 
targets  for  coilacting  debris. *  For  Evsnt  4  nlna  double-width  bundles  were 
located  at  radii  of  150  ft.  250  ft.  and  350  ft  (from  the  center  of  the  shelter) 
out  from  and  facing  the  front  door,  aide  vail,  and  rear  wall  (aae  Figure  6). 

Each  double  bundle  provided  a  frontal  target  area  of  64  ft?  with  a  depth  of 
3  ft  (72  fiberboard  panels).  Fifteen  multiple  bundles  were  erected  at  the 
test  site  for  Event  5  (see  Figure  7).  Multiple  bundles  #15  end  #18  had  four 
bundles  side-by-side  giving  each  a  frontal  target  area  of  128  ft?  with  a  depth 
of  3  ft.  The  other  bundles  used  in  Event  5  were  of  the  same  double  bundle 
construction  as  used  for  Event  4.  Note  in  Figure  7  that  bundles  numbered  1,  2, 
and  3  were  not  used  —  they  would  have  been  assigned  locations  out  radially 
from  the  front  door;  however,  they  were  eliminated  because  of  the  expected 
response  of  the  front  door  and  their  (bundle)  probable  destruction. 

The  camera  stations  that  provided  the  photographic  data  for  the  debris 
analysis  are  also  included  in  Figures  5  and  7.  The  ground-based  technical, 
and  documentary  photography  was  furnished  by  WSMR.  Aerial  technical  and 
documentary  photography  was  provided  by  Williamson  Aircraft. 

All  debris  that  was  collected  in  each  5°  recovery  area  and  each  fiberboard 
bundle  that  had  &  weight  greater  than  or  equal  to  0.3  lb**  was  individually 
weighed,  measured  (length,  width,  and  thickness  dimensions)  and  identified  as 
to  source  (whether  bomb,  aircraft,  or  shelter).  The  shelter  debris  waa  further 
identified  as  either  specific  spall  plate  material,  rebar,  or  concrete  with 
a  particular  dye  color.  Debris  collected  in  the  50  ft  intervals  of  the  5° 
sectors  with  individual  weights  less  the  0.3  lb  were  weighed  as  a  group  and 


Experience  has  shown ^  that  fiberboard  target  damage  (such  as  penetration)  is 
not  a  reliable  estimate  of  penetrator  impact  energy  at  the  personnel  hazard 
criterion  level  (58  f t-lb) . 

**For  some  of  the  debris  recovery  conducted  during  Event  4,  a  0.1  lb  weight 
value  was  used  instead  of  0.3  lb. 

7 Ward ,  J.  M.  and  Porzel,  F.  B.,  "TOMAHAWK  and  HARPOON  Acceptable  Hazard 
Handling  Arcs,"  Naval  Surface  Weapons  Center,  NSWC  TR  80-211,  11  Feb  1982. 
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counted.*  The  cutoff  size  for  the  smallest  debris  collected  was  determined  by 
the  rake  tooth  spacing  (1.25  in)  used  to  sweep  the  recovery  area.  All  debris 
collected  In  the  5°  sectors  (with  the  exception  of  larger  debris  weighing  more 
than  10-20  lb  that  was  surveyed  in  place)  was  transported  from  the  WSKR  test 
site  to  TERA,  New  Mexico  Tech  in  Socorro,  New  Mexico  for  evaluation.  The  debris 
were  placed  in  a  storage  area  at  TERA  following  the  evaluation. 

A  limited  360°  ground  survey  of  major  debris  was  conducted  out  to  a  range 
of  about  2000  ft.  A  thorough  ground  survey  of  all  debris  surrounding  the  shelters 
was  beyond  the  scope  of  this  program.  Large  pieces  of  debris  (for  example, 
portions  of  the  shelter  wall)  were  located  by  more  than  one  survey  point.  The 
following  ground  rules  were  used  for  selecting  debris  to  be  surveyed  following 
each  event. 

(a)  Substantial  portions  of  the  structure  -  multiple  survey  points 

(b)  Debris  in  the  5°  sectors  with  a  weight  greater  than  10-20  lb 

(c)  Aircraft  debris  beyond  about  300  ft  range 

(d)  Bomb  debris  outside  the  5°  sectors 

(e)  Debris  that  defined  the  maximum  impact  ranges  for  its  class  (for 
example,  red  concrete  was  surveyed  at  its  maximum  impact  range) 

(f)  Debris  of  a  unique  nature  (such  as  the  ring  beams  that  were  launched 
from  the  arch/ front-door  interface) 


For  Event  5  this  smaller  debris,  less  than  0.3  lb  individual  weight,  was 
further  broken  down  as  to  class  of  debris  (whether  bomb,  aircraft,  or  specific 
shelter  material)  and  then  weighed  as  sub-groups  and  counted. 
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Plane  are  t«  publish  a  mm  detailed  technical  report  and  a  Mptrati 
dabria  data  boo#  report  at  a  later  data.  Yh«  data  collected  will  be  defined 
and  ooMMriaad  bora. 

The  dabria*  eoliaetad  tor  tha  wants  are  elaaalfiad  according  to  no— n- 
c later*  such  u  gin*  in  Table  3  for  fvant  3.  Tha  dabria  categories  apply 
to  dabria  collected/aurveyed  in  tha  fiber board  bundles,  3°  recovery  sectors, 
and  the  340°  ground  surveys. 

Thirty seven  pieces  of  debris  were  collected  froe  the  flberboerd  bundles 
for  Event  3.  The  bundles  containing  tha  dabria  data  for  Event  4  vara  destroyed 
by  firs  during  Event  5. 

The  debris  date  collected  frost  the  3°  sectors  for  Events  4  and  5  are 
auanerised  In  Tables  4  end  5.  These  tables  also  define  the  coordinates, 
ranges,  end  labels  for  the  30  ft  lncretsante  within  tha  5°  sectors.  Table  6 
gives  a  aanpla  listing  fron  the  date  base  for  sub-sector  S-9  (side  5°  sector 
for  Event  4,  range  661  ft  to  711  ft).  Note  in  Table  6  that  62  pieces  of  debris 
weighing  e  total  of  3.6  lb  wera  racovered  and  that  15  pieces  of  debris  greater 
than  0.1  lb  were  recovered.  The  larger  debris  are  identified  by  number, 
descriptor,  weight,  end  dimensions  (length,  width,  and  thickness).  Also, 
comments,  where  appropriate  ara  included.  Debris  number  (or  sise/weight) 
dietrlbutione  were  determined  for  the  concrete  debris  collected  In  the  5° 
sectors.  The  overall  number  dietrlbutione  for  the  events  ere  presented  in 
Figures  8  and  9.  Tha  date  bees  also  contains  separate  distributions  (data 
plus  tha  fitted  curves)  for  each  5°  sector  end  each  sub-sector  (50  ft  interval) 
for  both  events.  Tha  distribution  function  used  and  the  manner  In  which  the 
dgta  were  reduced  ere  described  in  the  DISCUSSION  OF  RESULTS  section  of  this 
paper. 


The  debris  located  by  single  survey  points  during  the  360°  ground  survey 
are  presented  in  Figures  10  (Event  4)  end  11  (Event  5)  whereas  the  debris 
located  by  multiple  survey  points  are  preaentad  in  Figures  12  and  13  for  these 
events.  A  few  comments  are  in  order  concerning  these  figures  (termed  missile 
mepa):  (1)  The  units  for  ranga  are  feet  and  the  unite  for  angle  are  degrees. 
(2)  The  xero  degree  line  for  the  maps  is  directed  along  the  centerline  of  the 
shelter  towards  the  rear  of  the  shelter  and  positive  angles  are  measured 
counterclockwise.  (3)  The  craters  from  external  Events  2  and  3  were  added  to 
the  missile  maps  for  Event  5  (Figures  11  and  13).  (4)  The  360°  ground  survey 

shown  in  Figure  11  (for  Event  5)  was  not  as  thorough  for  the  180°  on  the  south¬ 
east  side  of  shelter  A  (aee  Figure  7)  because  of  the  presence  of  the  debris 
genera tad  by  Event  4  in  this  region. 

Hlselle  maps  can  be  generated  from  the  data  base  for  any  debris  classi¬ 
fication  such  as  listed  in  Table  3.  Further  restrictions  can  be  applied  to 
restrict  angina,  ranges,  and  masses  covered.  For  each  missile  map  there  is 
a  corresponding  listing  that  describes  the  debris  plotted.  For  example. 

Figure  14  shows  tha  Event  4  MSI  (ring  beam  -  ssa  Table  3)  missile  map  for 


The  tenia  fragments  and  missiles  ara  used  in  the  date  base  computer  printouts 
in  placn  of  the  tern  debris. 
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0-2000  it  rant*  (in  1000  ft  increment*)  and  for  0-360°  angle  <30°  increments) . 
Tabla  7  glvaa  the  correspond  log  Hating  describing  the  MSI  debric  plotted  in 
Figure  14. 


Fho  tograame trio  analyse*  of  tha  aarlal  photos  takan  by  WHlianson  Aircraft 
following  Brants  4  aad  3  war*  parfornad  by  th#  Naval  Intelligence  Support  Cantor 
(NISC)  aa  a  separata  nathod  (independent  of  ths  360°  ground  survey)  for  gener¬ 
ating  debris  dispersion  patterns  for  each  event.  The  debris  dispersion  was 
analysed  for  lapact  distances  ranging  between  approximately  120  ft  and  1000  ft 
fron  the  detonation  alts  for  each  event.  The  debrie  were  characterised  by 
various  else  intervals  based  on  their  (debris)  maximum  dimension.  The  seven 
debris  slse  intervals  selected  for  the  analysis  sr*  defined  in  Table  8  along 
with  corresponding  numbers  of  debris  items  located.  The  debris  characterised 
by  the  largest  slse  Interval  (naxlmua  dimension  20  ft  and  larger)  are  outlined 
along  their  perimeters  by  multiple  coordinates.  Separate  missile  maps  (and 
the  associated  coordinate  listings)  are  available  in  the  data  base  for  each 
debria  slse  interval. 

Table  9  preaenta  an  overall  nunerical  summary  of  the  debris  characterised 
in  the  debris  data  base.  For  the  5°  recovery  sectors,  the  variables  n4  in 
Table  9  have  the  following  definitions:  nj  -  number  of  debris  pieces  In  sector 
with  weight  less  than  0.3  lb,  n2  “  number  of  debria  pieces  In  sector  with 
weight  greater  than  or  equal  to  0.3  lb  but  generally  leas  than  10-20  lb,  and 
n-j  -  nunber  of  debris  pieces  in  sector  located  during  the  360°  ground  survey 
(generally,  10-20  lb  or  greater  in  weight). 


*The  photograwetric  analysis  for  Event  4  was  for  a  full  360°  coverage. 
However,  the  photogrammetric  analysis  for  Event  5  was  not  aa  thorough  for 
the  180°  sector  southeast  of  shelter  A  (see  Figure  7)  because  of  the  presence 
of  debris  in  this  region  generated  by  Event  4. 

**This  site  interval  is  similar  to  the  large  debris  that  was  located  by 
multiple  survey  points  in  the  360°  ground  survey. 
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DISCUSSION  OF  KXSULTS 


ftl**Jt*  Br^fcup^jgd  Wall  Debris  Vslocity  Pete 

Teble  LO  gives  the  predicted  end  neesured  vail  debris  velocities  for  both 
events.  The  predicted  values  given  in  Table  10  sumarlse  the  values  computed 
for  the  individual  grid  points  that  ere  distributed  over  the  shelter  surfaee 
(se*  Figure  3  and  Table  2  (Event  5)).  For  Event  4,  the  Measured  veil  debris 
velocity  for  the  front  door  was  twice  that  predicted  whereas  the  coaperieone 
between  the  predicted  and  measured  values  ara  fairly  good  for  the  side  vail 
and  the  rear  wall  debris  velocities.  No  wall  debris  velocities  could  be 
determined  from  the  data  files  for  Svant  5.  Several  constants  concerning  the 
measured  initial  wall  debris  velocitisa  end  their  comparisons  with  the  predicted 
values  ere  in  order: 

(1)  The  measured  values  for  the  front  door  debris  velocity  (Event  4) 
should  be  higher  than  that  predicted  because  of  the  venting  that 
undoubtedly  occurred  as  the  front  doors  opened  up  due  to  the  internal 
blast  loading  and  debris  were  ejected.  This  mechanism  was  not 
accounted  for  In  the  velocity  model. 

(2)  For  the  front  and  rear  wall  debris  velocity  measurements  (Event  4) , 
moat  of  the  debris  observed  in  the  data  films  appeared  to  travel 
parallel  to  the  ground  surface  (which  is  in  a  direction  normal  to  the 
wall  surface).  There  was  a  distribution  in  debris  velocity;  however, 
only  the  velocities  measured  for  the  massive  quantities  of  debris  are 
listed  in  Table  10. 

(3)  The  side  wall  debris  velocity  measurement  (Event  4)  used  the  measure¬ 
ment  of  the  maximum  trajectory  height  for  the  large  section  of  the 
south  wall  (44.5  ft  x  121  ft  in  dimensions)  that  impacted  at  a  range 
(for  the  center  of  gravity)  of  220  ft.  Using  trajectory  calculations 
(for  which  drag  was  negligible) ,  the  initial  velocity  for  this  section 
of  the  shelter  arch  was  computed  to  have  an  initial  velocity  of  60  ft/s. 
An  attempt  to  directly  measure  the  initial  velocity  of  this  large 
piece  of  debris  using  the  data  films  produced  ambiguous  results  because 
of  the  motion  about  its  center  of  gravity. 

(4)  The  fireball  and  subsequent  smoke/duet  cloud  obscured  the  field  of  view 
in  the  data  films  before  any  wall  debris  measurements  could  be  made 
for  Event  5. 

(5)  Individual  pieces  of  debris,  such  as  flashing  and  ring  beams,  were 
observed  in  the  data  films  for  Events  4  and  5;  however,  their  measured 
velocity  values  do  not  provide  useful  data  for  evaluating  the  velocity 
of  debris  directed  towards  the  5°  recovery  area  sectors. 

(6)  Internal/external  airblast  and  structural  acceleration  data  (measure¬ 
ments)  were  not  available  as  of  the  writing  of  this  paper  for  com¬ 
parisons  with  values  computed  for  the  wall  debris  velocity  predictions. 
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Fiberboard  Bundle  Debris  Data 

No  debris  collected  by  the  flberboerd  bundles  for  Event  4  survived  the 
ceet  series.  Flberboerd  bundles  #1,  2,  end  3  (see  Figure  6)  vers  destroyed 
by  the  notion  of  the  front  doors  of  shelter  B  during  Event  4.  For  this  reason 
bundles  1,  2,  and  3  were  eliminated  for  Event  S  (see  Figure  7). 

Referring  back  to  Bvent  4,  bundles  4,  5,  6,  and  7  did  collect  a  snail 
amount  of  debris;  however,  these  bundles  were  destroyed  by  fire  when  they 
were  re-used  during  Event  5. 

None  of  the  debris  collected  in  the  fiberboard  bundles  in  Event  5  were 
viewed  (and  identified)  by  cameras  at  impact  —  so  no  tlme-of-arrival,  average 
velocity,  nor  initial  velocity  results  are  included  in  the  debris  data  base. 
There  were  not  sufficient  debris  data  collected  by  the  fiberboard  bundles  to 
obtain  mass  or  energy  distributions  for  debris  in  the  vertical  (fiberboard 
target)  plane  ea  a  function  of  range. 

5°  Recovery  Sector  Debris  Data 

The  debris  data  collected  from  the  5°  sectors  are  summarized  in  Tables  4 
(Event  4)  and  5  (Event  5) .  These  data  are  displayed  pictorially  in  Figures  15 
and  16,  respectively.  Note  in  the  figures  that  the  debris  are  segregated  into 
two  groups:  those  with  weights  less  then  0.3  lb  and  those  with  weights  greater 
than  or  equal  to  0.3  lb.  The  numbers  of  hazardous  pieces  of  debris  (N^)  that 
represent  an  acceptable  risk  in  each  of  the  50  ft  intervals  for  the  5°  sectors 
are  also  indicated  in  these  figures. 

The  concrete  debris  data  collected  from  the  5°  sectors  were  evaluated  as 
to  shape  and  (number/ size/weight)  distributions.  The  shape  factor  relating 
the  debris  weight  with  a  length  dimension  (or  an  area)  was  found  to  be  B  -  0.44 
for  the  function  (taken  from  Ref.  6) 

M  -  Bp  L3  -  Bp  A 3/2 
c  c 

where  B  -  shape  factor 

Pc  *  concrete  weight  density 
L  ■  debris  length  dimension 

2 

A  -  debris  drag  area,  A  ■  L  . 

Using  the  above  shape  factor  information,  number  distributions  of  the  form 
(taken  from  Ref.  6) 


where  N  -  number  of  pieces  of  concrete  debris  with  length  greater  than  L 
Nq  -  total  number  of  pieces  of  concrete  debris  (determined  by  fit) 

L  ■  characteristic  fragment  dimension  (determined  by  fit) 

L  -  (M/(Bp))1/3 
M  -  debris  weight 

were  fitted  to  the  debris  data  collected  in  the  5°  sectors. 
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Figures  8  and  9  present  th«  number  distributions  for  the  debris 
recovered  (but  not  the  360°  ground-surveyed  debris)  from  the  5°  sectors 
for  Events  4  and  5,  respectively.  Mote  that  the  fitted  curves  and  the 
data  are  plotted  in  the  format 


ln(H)  -  ln(MQ) 


where  the  ordinate  Is  logarithmic  (natural)  and  the  abscissa  is  linear. 

Some  contents  concerning  the  shape  factor  and  the  distribution  chosen 
to  reduce  the  data  are  in  order. 


(1)  table  11  gives  the  estimates  for  the  concrete  debris  shape  factor  B 
for  each  of  the  5°  sectors  for  both  events  along  with  the  90%  confi¬ 
dence  limits.  The  90%  confidence  limits  give  quite  a  spread  In  values. 
This  large  spread  indicates  a  wide  variation  in  shapes  for  the 
concrete  debris.  The  "average"  estimate  for  Event  5,  B  »  0.44,  was 
selected  as  the  representative  shape  factor  for  the  present  evalu- 

of  the  debris  data  for  Events  4  and  5.  Associating  a  distribution 
with  the  shape  factor  was  beyond  the  scope  of  this  investigation. 

(2)  The  debris  number  distribution  data  displayed  in  Figures  8  and  9 
show  a  dramatic  deviation  from  the  fitted  curves  for  the  larger 
debris  sizes  (L>5-7  in).  There  are  two  major  contributions  to  this: 

(a)  The  rebar  spacing  (15"  for  the  rear  wall,  12"  for  the  side  (arch) 
wall,  and  6"  for  the  front  doors)  1  ?  one  of  the  factors  controlling 
the  breakup  for  the  debris  with  dimensions  on  the  order  of  1/2 
the  rebar  spacing  or  larger.  A  better  fit  to  the  debris  distri¬ 
bution  should  be  bivariate  with  a  change  in  slope  for  the 
distribution  st  the  debris  length  corresponding  to  1/2  the  rebar 
spacing. 

(b)  The  larger-sized  debris  characterized  during  the  360°  ground 
survey  that  were  located  within  the  5°  sector  boundaries  were 
not  added  to  the  5°  sector  debris  data  base  for  the  number 
distribution  fits  given  in  Figures  8  and  9.* 

360°  Ground  Survey  Debris  Data 

The  maximum  Impact  ranges  surveyed  for  selected  categories  of  debris  are 
summarized  in  Table  12  for  both  events.  The  results  in  Table  12  provide  some 
indication  of  the  maximum  impact  range  for  the  debris  generated  by  the  two 
events.  However,  missile  maps  (and  thair  corresponding  listings)  available 
in  the  debria  data  base  (aea,  for  example.  Figures  KM4  and  Table  7)  provide 
a  better  method  for  displaying  the  debris  dispersion  for  these  events. 


However,  both  5°  sector  data  and  360°  ground  survey  data  are  represented  in 
the  results  for  numbers  of  debris  located  in  the  5°  sectors  (aae  Tables  4 
and  5  and  Figures  15  and  16). 


Aerial  Survey  Debris  Data 

The  Naval  Intelligence  Support  Center  (RISC)  used  photogrammetric  proce¬ 
dure  a  on  aerial  photos  to  determine  the  debris  dispersion  produced  by  Events 
4  and  5.* 

Aerial  photography  was  obtained  for  altitudes  varying  from  300  to  600  ft. 
The  flight  path  provided-overlap  and  sidelap  for  as  analytical  triangulation 
over  the  test  area.  There  were  seven  flight  lines  (with  43  frames  or  camera 
stations)  for  Event  4  and  six  flight  lines  (with  40  frames)  for  Event  5. 

Control  was  furnished  from  a  local  (White  Sands  Missile  Range)  survey 
of  the  area.  A  photogrammetric  block  adjustment  program  developed  by  RISC 
was  used  to  triangulate  the  block  coordinate  system  to  the  White  Sands  coordi¬ 
nate  system  (WSTM) .  The  absolute  orientation  solution  was  fit  (in  the  least 
squares  sense)  to  the  block  solution.  A  single  photo  program  computed  the 
position  of  the  debris  in  terms  of  the  local  coordinate  system  by  using  the 
camera  station  parameters  determined  from  the  block  program. 

The  debris  locations  determined  by  the  photogrammetric  method  are  presented 
in  Figure  17  (Event  4)  and  Figure  18  (Event  5).  The  debris  surveyed  vary  in 
size  from  the  order  of  Q.5  ft  to  greater  than  20.0  ft  In  linear  dimension.  The 
various  debris  size  intervals  analyzed  are  listed  in  Table  8  along  with  the 
corresponding  numbers  of  debris  located.  Separate  missile  maps  (and  the 
associated  coordinate  listings)  for  each  debris  size  interval  ere  available 
in  the  data  base  and  Reference  8. 

Several  comments  concerning  the  missile  maps  presented  in  Figures  17  and 
18  are  In  order. 

(1)  The  rectangular  coordinates  used  in  these  figures  are  referenced  to 
the  WSTM  (survey  performed  by  WSMR)  control  system. 

(2)  Generally,  the  debris  were  surveyed  between  120  ft  and  1000  ft 
except  for  come  of  the  larger  debris  (maximum  dimension  20.0  ft  or 
larger)  that  were  located  inside  the  120  ft  radius. 

(3)  Rough  outlines  of  the  larger  debris  (20.0  ft  or  larger  -  debris 
size  Interval  #7)  were  determined  by  multiple  coordinates.  The 
number  of  debris  points  listed  in  Table  S  correspond  to  the  total 
number  of  these  coordinates. 

(4)  The  minimum  debris  dimension  easily  resolved  was  0.5  ft  that  cor¬ 
responds  to  a  weight  on  the  order  of  8-10  lb. 


*The  procedures,  error  analyses,  and  products  for  the  photogrammetric  analysis 
are  presented  in  more  detail  in  Reference  8. 

®Mann,  C.,  Mooney,  F.,  East in,  D.,  and  Yerkes,  £.,  "Determination  of  Debris 
Dispersion  by  Photogrammetric  Procedures  (DISTANT  RUNNER  Program) ,  Final 
Report."  prepared  for  the  Naval  Surface  Weapons  Center,  White  Oak,  by 
Naval  Intelligence  Support  Center,  6  April  1982. 
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(5)  An  error  magnitude!  of  ±1.5  tt  um  assigned  to  all  debrie  positions 
in  the  single  photo  solution.  This  value  was  determined  from  a 
comparison  between  the  coordinates  for  the  control  points  determined 
by  the  ground  survey  and  by  the  block  survey  (solution) . 

(6)  The  test  site  was  not  cleared  the  full  360°  for  debris  recovery. 

Becauoe  of  this  soae  of  the  regions  had  tall  grass  end  scrub  brush 
cover.  Alan,  crater  ejecta  (similar  in  appearance  to  debris  in  the 
aerial  photos)  produced  by  Events  2  and  3  surrounded  the  two  creters. 
Identification  of  debris  points  In  these  regions  was  beyond  the  scope 
of  this  photogrammetric  analysis. 

(7)  The  distribution  of  debris  points  in  Figures  17  and  13  reflects  the 
minimum  range  analysed  (120  ft),  the  outlines  of  the  large  pieces 
of  debris  (20.0  ft  or  greater)  and  the  regions  of  poor  contrast  for 
identifying  debris  (tall  grass,  scrub  brush,  ar.d  Events  2/3  crater 
ejects) . 

(8)  A  comparison  between  Figures  17/18  (photogrammetric  survey)  and 
Figures  10/11  (ground  survey)  shows  that  the  photogrammetric  survey 
was  much  more  thorough.  A  more  thorough  ground  survey  was  beyond 

the  scope  of  this  program.  For  Events  4/5,  the  photogrammetric  survey 
contained  5776/2691  debris  points  whereas  the  ground  survey  contained 
521/1075  debris  points.  Also  the  photogrammetric  survey  was  a  much 
smaller  manhour  effort  (on  the  order  of  one-tenth)  than  the  ground  survey. 
However,  the  ground  survey  Identified/measured  the  debris  whereas  the 
phototgrammetric  survey  only  gave  a  size  measure., 

Hazard  Evaluation  for  Debris  Data 

Trajectory  calculations  (computer  program  TRAJ^)  were  used  to  evaluate 
the  impact  energies  of  the  debris  collected  in  the  5°  recovery  area  sectors. 

The  concrete  debris  were  characterized  in  the  following  manner  for  these 
calculations. 


Debris  drag  area,  ft2;  A  (M/(Bpc))2^3  with  B  «  shape  factor  »  0.44 
Drag  coefficient:  m  0.5 

The  values  for  B  and  CD  were  updated  (using  the  debris  data)  from  the  values 
used  for  the  debris  trajectory  predictions.  The  metal  debris  collected  in  the 
recovery  area  were  assessed  to  be  hazardous/non-hazardous  on  a  case-by-caae 
basis.  Essentially  all  metal  debris  collected  in  the  5°  sectors  were  evaluated 
to  be  hazardous. 

Trajectory  calculations  for  concrete  debris  indicated  that  debris  with  a 
weight  of  0.3  lb*  or  greater  are  hazardous  (or  at  least  quite  near  58  ft-lb) 
upon  impact  out  at  the  longer  ranges  of  the  recovery  areas.  Also,  in  some  cases 


*  2 
Debris  with  this  weight  are  characterized  as  having  a  drag  area  of  4  in 

and  require  an  impact  velocity  of  112  ft/s  (as  if  dropped  Crom  a  height  of 

193  ft)  to  be  hazardous  (that  is;  E  ■  58  ft-lb). 
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higher  velocities  than  that  either  predicted  or  meesurpd  {for  moqt  q{  tbo 
debris)  are  required  to  piece  the  0.3  lb  debris  out  et  the  far  range*  at 
which  they  were  collected. 

A  limited  parametric  study  was  performed  (over  the  velocity  range  100* 
MOO  ft/*)  to  estimate  the  effect  of  variation*  in  th*  parameter*  used  to 
characterise , the  0.3  lb  debris.  The  scope  of  these  variation  is  listed  below. 

Shape  Factor:  B  «*  0.2.  0.44,  0.7  with  ■  0.5 

Drag  Coefficient:  ~j0.5,  0.7,  1.0  with  B  *  0.44 

At  the  impact  ranges  of  interest  (200  *  1100  ft)  the  above  variation 
produced  debris  impact  energies  from  20  -  30  ft-lb  at  cloee-in  range  (**200  ft) 
to  50  -  60  ft-lb  at  mid  range  (-700  ft)  and  to  50  -  90  ft-lb  at  the  far  ranges 
(850  to  1150  ft).  A  launch  angle  of  45°  was  used  as  an  estimate  of  tha  launch 
angle  for  maximum  range  (within  about  10X)  —  this  calculation  gives  the 
minimum  impact  energy  (note  that  this  is  not  the  maximum  value  but  the  minimum 
value)  for  debris  that  arrives  st  that  range. 

Figures  19  (Event  4)  and  20  (Event  5)  present  the  normalized  areal  number 
densities  of  debris  with  weights  greater  than  or  equal  to  0.3  lb  (Ng^)  as 
functions  of  range  from  the  shelter  walls.  The  number  densities  (Nq^)  are 
normalized  with  respect  to  the  acceptable  number  of  hazardous  debris  (N^)*  at 
their  respective  ranges.  Figures  19  and  20  (as  do  Figures  15  and  16)  Indicate 
that  the  debris  hazard  range  extends  beyond  £he  5°  recovery  sectors  boundaries 
of  the  front  and  side  walls  for  both  events. 

The  areal  debris  distributions  given  in  Figures  19  and  20  cannot  be 
extrapolated  beyond  the  maximum  range  of  the  5°  sectors  with  any  reasonable 
confidence.  For  this  reason  the  data  were  averaged  (smoothed)  in  the  following 
manner . 

•  The  data  in  Figures  19  end  20  are  presented  in  the  form 

("o.jV'Vi  ™  V"l/3 

where  Nq  3  and  N^  are  evaluated  for  each  50  ft  increment  (i)  in  the 
5°  sectors,  R  is  the  distance  (ft)  from  the  appropriate  shelter  wall 
to  the  center  of  the  50  ft  increment,  and  W  is  the  explosive  weight*** 
(lb)  for  the  event. 

The  acceptable  number  of  hazardous  debris  (N^)  are  the  number  of  debris  that 
correspond  to  the  areal  density  of  one  per  600  ft^  (see  Figures  15  and  16). 

The  debris  hazard  extends  out  to  the  range,  for  which  Nq  3/N^  <  1.0  In 
Figures  19/20. 

**The  explosive  weights  (W)  used  here  are  2324  lb  (Event  4)  and  9241  lb 
(Event  5)  taken  from  Reference  9.  These  weights  are  the  actural  explosive 
weights  including  contributions  of  04  and  PETN  used  in  the  initiation  system, 
o 

Swlsdak,  Jr.,  M.  M. ,  "Explosive  Material  Quality  Control  and  Boosterlng 
System  for  DISTANT  RUNNER,"  preseuted  at  the  DISTANT  RUNNER  Results 
Symposium,  27-28  April  1982  (published  in  Ref.  3). 
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•  To  smooth  the  data,  they  worn  re-groupcd  in  the  fo*a 


a  ^/a,  ***•$),  *• 


j+D 


for  j  *  1,  2,  3,’  . . .  k  -  eiadur  of  50  ft  incremcmta  in  the  5°  sector. 

These  smoothed  results  ere  plotted  in  Figures  21  end  22.  Both  the  date 
end  the  fitted  curves  ere  presented  in  these  figures.  Note  in  Figure  21 
(Event  4)  that  no  fit  was  made  for  the  side  5°  sector  debris  distribution. 

The  presence  of  the  large  portion  of  the  south  side  well  thet  impacted  at 
220  ft  in  the  side  5°  sector  area  littered  the  recovery  aree  with  secondary 
debris  from  its  breakup.  This  secondary  debris  appears  to  have  greatly 
Influenced  the  debris  areal  distributions  in  this  region.  Because  of  this 
secondary  source  for  the  bulk  of  the  debris,  the  debris  arenl  density  does 
not  appear  to  decrease  significantly  as  a  function  of  range  in  thi/i  region. 

A  fit  to  these  data  was  not  deseed  appropriate:  the  data  themselves  describe 
the  trend. 


The  fitted  curves  for  the  averaged  areal  number  density  distributions 
were  Interpolated  (and  extrapolated)  to  determine  the  hazard  ranges  for  the 
three  orientations  o|  the  shelters  for  both  events.  These  results  are  sum¬ 
marized  in  Table  13.  Note  that  for  all  orientations  the  debrla  hazard  range 
is  estimated  to  be  on  the  order  of  40  3  cr  greater.  Except  for  the  rear 

wall  results,  the  debris  hazard  ranges  are  baaed  on  extrapolations  of  the  fits 
to  the  averaged  areal  number  density  distributions.  Also  it  should  be  pointed 
out  that  a  section  of  the  front  door  (for  Event  5)  estimated  to  weigh  26,000  lb 
came  to  rest  at  a  range  of  -1290  ft  (62  W^'*)  from  the  shelter  wall,  well  beyord 
the  hazard  range  determination  of  50  for  this  orientation  of  the  shelter. 


It  should  be  noted  that  these  hazard  ranges  do  apply  to  a  worst-case 
explosion  event:  the  MK  82  bombs  in  the  aircraft  shelters  were  detonated 
simultaneously  (not  sympathetically) .  Also  the  effects  of  debris  breakup/ 
bouncing/rolling  upon  Impact  are  not  included  in  this  evaluation.**  However, 
there  was  no  evidence  in  the  dust  suppressant  that  covered  the  5°  sector  of 
extensive  rolling  and  bouncing  of  the  debris  at  the  far  boundaries  of  the 
sectors. 

*  " 

The  results  in  Table  13  are  presented  in  three  significant  figures  for 
purposes  of  comparison  not  ea  an  indication  of  the  precision  of  the  results 
obtained.  The  results,  suprisingly,  indicate  that  the  debris  hazard  ranges 
scale  quite  well  between  the  events. 

**  o 

The  debris  areal  distribution  for  the  side  wall  5  sector  (Event  4)  did 

appear  to  be  greatly  influenced  by  breakup  upon  impact  of  a  large  section 

of  the  side  wall  as  pointed  out  earlier. 
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The  debris  hazard  ranges  for  acch  orlancatlon  of  tha  aircraft  shelter 
vara  determined  fro*  tha  taat  data  tc  ba  (in  unita  of  ft  where  W  ia  tha 
explosive  might  in  lb): 

Front  —  50  W*^3  (62  W*^3  for  a  larga  dabrla  place  »  Bvent  5) 

Side  —  62  Vl/3 
Raar  —  40  Wl/3 

These  conclusions  are  baaed  on  tha  values  praaantad  in  Table  13  for  Events  4 
and  5,  Note  that  hazardous  debris  do  extend  beyond  tha  hazard  ranges  Hated 
above.  The  dabrla  hazard  out  at  the  ranges  of  intaraat  ms  found  to  be 
controlled  by  debris  with  weight  greater  than  or  equal  to  0.3  lb.  For  this 
reason,  the  areal  distributions  for  these  debris  were  used  to  evaluate  the 
hazard  ranges.  Suprlalngly,  the  debris  hazard  ranges  appear  to  scale  quite 
well  between  the  two  explosion  events. 

Fairly  good  comparisons  were  obtained  between  predicted  and  measured 
values  for  the  initial  well  (debris)  velocities  (see  Table  10).  However,  the 
evaluation  of  the  debris  impact  energies  did  not  require  a  detailed  description 
of  the  initial  velocities  of  the  debris.  What  was  required  was  a  determination 
of  the  minimum  Initial  velocity  required  to  traject  the  debris  out  to  the 
ranges  of  interest  (>40  As  it  turned  out,  0.3  lb  debris  would  be 

hazardous  (>  58  ft  lb  energy)  upon  impact  at  these  ranges  whereas  0.2  lb  (or 
less  weight)  debris  would  not  for  the  minimum  required  initial  velocities. 

The  average  shape  factor  for  the  concrete  debris  wan  found  to  be  on  the 
order  of  B  ■  0.4  for  both  events  (see  Table  11);  however,  there  is  wide  scatter 
in  the  shape  factor  data  that  indicates  that  there  is  a  wide  variety  of  shapes 
for  the  concrete  debris. 

The  debris  size  distributions  shown  in  Figures  8  (Event  4)  and  9  (Event  5) 
do  provide  a  good  fit  to  the  debris  data  in  the  range  of  debris  size  of  interest 
(0.3  lb  -  on  the  order  of  2  in).  A  bivariate  fit  is  required  to  represent  the 
debris  data  beyond  the  5-7  inch  size  (4.8  -  14  lb  weight). 

The  debris  data  base  summarized  in  the  paper  represents  an  extensive 
collection  of  debris  data  useful  for  investigating  the  shelter  breakup.  The 
debris  data  base  can  be  quite  useful  for  evaluating  the  debris  hazard  ranges 
for  various  levelB  of  risk;  that  is,  for  different  criteria  for  debris  hazard 
energies  and  areal  densities. 

Much  additional  work  can  be  performed  using  the  debris  data  base  for 
analyzing  the  debris  shape,  number  (or  size/weight)  and  areal  density 
distributions.  Useful  comparisons  between  the  ground  and  the  aerial  (photo- 
gramnetrlc)  surveys  can  be  made.  Contours  of  debris  areal  densities  can  be 
generated  from  the  photogramwetric  survey  data. 

Comparisons  between  predicted  (reported  herein)  and  measured  values  for 
confined-explosion  gas  pressure  ganerat ion/ decay  and  internal /external 
airblast  will  be  performed  at  a  later  date  when  the  experimental  data  are 
released . 


TABLE  1.  CONFINED-EXPLOSION  GAS  PRESSURE  INPUT  DATA  AND  COMPUTED  RESULTS 


INPUT 

EVENT  4 

EVENT  5 

TRITON  AL  WEIGHT,  LB 

2,202 

9,108 

SHELTER  VOLUME,  FT3 

184.400 

184,400 

W/V  EXPLOSION  LOADING,  LB/FT3 

0.012 

0.060 

VENT  AREA,  FT2 

1.87B 

1,875 

RESULTS 

CONFINED-EXPLOSION  GAS  PRESSURE,  PSI 

130 

260 

VENT  TIME,  « 

0.117 

0.12 

Q-S  IMPULSE,  PSI-* 

4.3 

8.0 

FRONT  DOOR  Q-S  VELOCITY,  FT/i 

130 

240 

SIDE  WALL  Q-S  VELOCITY.  FT/* 

66 

105 

REAR  WALL  Q-S  VELOCITY,  FT/* 

75 

140 
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TABLE  l.  INITIAL  DEBRIS  VELOCITIES  COMPUTED  POR  AIRCRAFT  SHELTER  GRID  POINTS-  EVENT  S 


SAID  HUNT 

SUM  R17LCCTOO  VOLOCITY 

TOTAL  VOLOCITV  «M  00ALLM4O 

ivT».  rw» 

TOTAL  VELOCITY  OMMALUIM) 

MOMTDOQA 

-  CUA*MT4T1C  VOLOCITV  |V**1  •  *4*  7T* 

AO 

NM 

MS* 

4*2.2 

A1 

A3 

122.4 

2*0.7 

4142 

MM 

00 

3242 

074.2 

7122 

•1 

|| 

410.0 

402.4 

0*0.0 

7*2.4 

32 

■3 

33AI 

•WL* 

FHI 

*4 

242.0 

402* 

a*s.» 

MAR  WALL  -  OOA*»-*TA  i  iv  VOLOCITV  <V0<I  -  14#  7T« 


CO 

Cl 

ca 


i 

i 

* 


! 


oo 

M 

010 

Oil 

DM 


20 

21 

22 

23 

M 

26 


40 

41 
41 
« 
44 
4fe 


SO 

01 

02 

S3 

04 

00 


•0 

•1 

02 

03 


100 

W1 

102 

103 

104 
100 

120 

121 

122 

123 

124 
120 


04.2 

00.4 
■0  2 


100.2 


ARCH  -  OUAOMTATIC  VOLOCITV  1V„^»  •  100  2170 


124.0 

100.4 

240.0 

100.0 

120.3 


110.0 

120.0 

00.0 

01.0 

*0.1 

04.0 


00.3 

121.0 

107.0 

00.0 

00.0 

02.7 


00.0 

00.4 

01.0 

02.0 

02.0 

02.3 


00.0 

00.0 

00.1 

02.0 

*0.0 

00.7 

00.0 

71.2 

74.0 

74.0 

0*1 

74.0 


74.0 
*00 
*7.1 
*0  7 
*1.2 
00.4 

00.1 

07.1 

*0.0 

04.1 

*0.0 

700 


22*2 

20*0 

210.4 

2M.0 

MU 

4*24 

1**.* 

mo 

222.2 

30*4 

23*2 

2*02 

2*0.0 

274.7 

100.0 

21*4 

100L* 

1*02 

101.1 

MU 

10*2 

1*2.1 

174.3 

203.0 

2202 

2*0.1 

212.* 

*07.0 

100.0 

21*0 

173.0 

201.2 

107.7 

1*17 

100.0 

1*1.0 

104.4 

10*0 

100.* 

- 

1070 

“ 

107.0 

— 

107.3 

104.0 

- 

1*0.0 

” 

100.1 

- 

107.1 

- 

170.0 

— 

173.7 

174.0 

mi 

170.2 

200.7 

17*0 

20*0 

17*0 

2103 

173.0 

202.3 

170.0 

210.2 

17*0 

30*0 

180.0 

21*4 

1*2.1 

22*2 

10*2 

222.0 

10*2 

2*4.0 

100.4 

inj 

100.1 

- 

102.1 

~ 

10*0 

- 

10*.  1 

~ 

170.0 

~ 

1*1.0 

- 

TABlf  1 DCBNM  CATCOOMCC  COB  CVtNT  I 


k  m  part 

it  •  eoab  frequents 

CB  ■  concrete  -  rd  dye 

CBC  ■  concrete  •  red  dye  -  charred 

CB  «  concrete  »  hlac*  dye 

CBC  ■  concrete  -  blac*  dye  -  charred 

CG  ■  concrete  -  ereen  dye 

CGC  «  concrete  -  qreen  dye  •  charred 

CY  ■  concrete  -  yellow  dye 

CYC  ■  concrete  •  yellow  oye  -  charred 

CP  ■  concrete  *  plain 

CPC  •  concrete  -  plain  -  charred 

CPF  «  concrete  -  plain  •  an  outer  ranee  piece  of  rear  wall 

CPF  ■  concrete  »  plain  *  tooting  -  rad  dye  outside  surface 

CPF  «  concrete  -  plain  •  ralntad  rad 

CPB  ■  concrete  -  plain  •  paintad  black 

CPY  •  concrete  •  plain  «  paintad  yallow 

CPG  a  concrete  •  plain  -  painted  green 

CPs  ■  concrete  -  plain  °  ralntad  white 

0  *  asphalt 

MO  ■  Miscellaneous  •  steel  ♦  concrete 

MS  •  Miscellaneous  -  steel 

MSA  »  Miscellaneous  •  arch 

MSI  s  ring  baaa  section 

MS2  «  front  door  blast  plate 

MS J  s  front  door  outrigger  l*n#ea  (Punning  Length  Measured) 

MS4  «  flashing 

mss  *  rear  door  ana  franc 

M  w  «4  Rebar 

Rft  U  is  Rebar 

p«  *  •«  Rcoar 

S  ■  spall  plate 


(S)  Indicates  weight  is  outlasted 


TASK  4.  SUMMARY  Of  6*  MOOVIRV  SECTOR  DEBRIS  DATA  —  KVSNT  4 


FRONT 


SIDE 


REAR 


MAMOC  (FT) 

CODE 

11,060.3  K) 

n,  (MOOS  Li) 

n, (390*  SURVEY) 

481-613 

W1 

376 

1M 

0 

611-661 

m 

161 

92 

2 

161-611 

W3 

40 

M 

0 

611-661 

m 

21 

13 

2 

661-711 

m 

6 

7 

2 

MI-311 

61 

6M 

32 

17 

311-MI 

62 

126 

M 

7 

MI-411 

83 

M 

8 

4 

411-461 

64 

1M 

6 

4 

461-611 

M 

220 

33 

5 

611-661 

M 

115 

21 

1 

MI-611 

67 

70 

3 

0 

611-661 

M 

62 

21 

1 

MI-711 

M 

63 

14 

7 

MI-311 

El 

673 

110 

16 

311-361 

E2 

1M 

62 

0 

MI-411 

E3 

91 

26 

2 

411-461 

E4 

90 

30 

2 

461-611 

E6 

66 

14 

3 

611-MI 

EC 

» 

16 

1 

MI-611 

E7 

14 

11 

0 

611— Ml 

ES 

11 

6 

0 

MI-711 

E9 

0 

1 

0 

TALC 

3462 

711 

64 

OIMCNAi.  Morn.  HAMQK  M  MCASUHCD  FMM  CiMTIH  OF  CHCLTCM 
».  -  MUMMH  OF  OHMIC  WITH  WCIOHT  LEW  THAN  0  3  LC. 
n,  -  MUMMH  OF  OCCMIC  WITH  WCIOHT  ORIATCR  THAN  (ON  EQUAL  TO)  OS  UL 
n,  «  MUMMH  OF  OHMIC  LOCATED  OY  CM*  CUMVCV. 


TABLE  9.  SUMMARY  OF  S*  RECOVERY  SECTOR  DEAR 3$  DATA  -  EVENT  S 


FRONT 


SIDE 


REAR 


RANOf  (FT) 

COPE 

n,(*K04  LS) 

n,(W>0.3  LB) 

n,(990°  SU 

SIS— GEE 

F10 

1,S99 

HI 

22 

BS9-716 

F9 

2,079 

909 

23 

71 S— 796 

F* 

2,991 

693 

21 

79S— SIS 

F7 

639 

399 

14 

916-996 

FS 

203 

190 

11 

966-4)16 

FS 

49 

104 

11 

916-968 

FS 

29 

49 

3 

696-1016 

F3 

26 

17 

10 

1016-1096 

F2 

6 

17 

3 

1096-1116 

FI 

0 

9 

1 

616-9*6 

A12 

1,446 

927 

7 

696-916 

All 

1,729 

616 

0 

916-996 

A10 

711 

328 

24 

996-716 

AS 

813 

226 

27 

716-796 

AS 

243 

149 

0 

796-916 

A7 

719 

179 

9 

916-996 

A9 

499 

124 

7 

996-916 

AS 

484 

99 

7 

916-996 

AS 

429 

119 

0 

906-1016 

A3 

296 

69 

1 

1016-1096 

A2 

472 

44 

3 

1096-1116 

A1 

674 

41 

4 

916-996 

R10 

62 

9 

0 

066-716 

R« 

111 

13 

3 

716-796 

RS 

78 

9 

1 

796-916 

R7 

40 

3 

1 

916-996 

R6 

37 

6 

0 

996-916 

R6 

27 

9 

1 

916-906 

R4 

21 

4 

0 

996-1016 

R3 

9 

4 

0 

1016-1096 

R2 

4 

4 

0 

1096-1116 

R1 

7 

3 

0 

TOTALS 


16,6*9  6,906  223 


GENERAL  NOT  ft:  RANOE  «  MEASURE!)  FROM  CENTER  OF  SHELTER 
»,  -  NUMMR  OF  DEBRIS  WITH  WEIGHT  LOS  THAN  AS  LS 
n_  -  NUMMR  OF  DEBRIS  WITH  WEIGHT  GREATER  THAN  (OR  EQUAL  TO!  0.1  LB 
Rj  -  NUMMR  OF  DEBRIS  LOCATED  BY  SSO°  SURVEY 


TMM.lt. 

DCMMt  LMTIfM  FOtl*  MOOVCAY  SUMKGTOVI  14 

OtSTAHl  MiMfcP 

?Vn»T  4 
SkCtOli  8-9* 

0  -  0.1  LfcS  AUMfcl*  n'i  TrilAj.  HAfiS  3,6  LBS 

GPfcAlFl.  1HA**  (l.l 


t  RAC 
tli 

m  mm  m 

l»KSC 

•  »  m  •  mm 

RFIGrT 

IFM  TM, 

WiniF.ThlCKhF&S 

(INO-tSJ 

1 

b*U1 

AS 

k  n  in 

0.40C 

1  •  7t>0 

1.250 

1  .257 

2 

c« 

o .  7  p  o 

6.PC0 

l.CyO 

0.750 

1 

CH 

u  § b^C 

4  .500 

1.(25 

1.625 

4 

CR 

O.bPO 

4.250 

2.8/5 

1.375 

5 

CP 

0,400 

?.750 

2.175 

1.625 

f 

C« 

0,400 

4,000 

2.1i5 

0.R75 

7 

CP 

O.20C 

7.500 

7.U5 

1.500 

H 

STtfcL 

MS 

KPAGMI.NT 

U.JOC 

3.250 

1,000 

0,500 

1 

CR 

V.GOC 

3,«-00 

1.0C0 

1  .688 

IP 

CP 

0,400 

7.500 

1.750 

1 .000 

11 

CH 

0,300 

7.000 

1 . 5w0 

1.250 

12 

CP 

0.400 

7.500 

2,  CCO 

1.000 

1  ) 

CP 

0,300 

1.750 

1.875 

0.750 

14 

CP 

0,400 

7.750 

2.500 

1.625 

15 

CP 

0,400 

7.750 

2.000 

1.375 

*S  IDt  5”  SECTOR-RANGES  Ml  FT  TO  711  FT 
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TABU  7.  EV8MT  4  MISSILE  MAP  LWTtNG  PON  MW  (RINO  MAMtCWMtS 


rHAC^LNlS  PLOITtD  8|  1  FSCUFTirh  H,  SI'blkPL  31 
V.I1H  *F1CNT  fNOM  (.(  10  snucuo.o 


FRAG 

ID 

RANGE 
(IK  Ft) 

ANGIE 
(IN  NIC) 

HEIGHT 
(IK  LRS) 

LENGTh.RlLTil.lMlCAt.LS4 
(IK  lt-Cnf.6 ) 

DtsomiCN 

01890 

165*3 

208. 9 

350,0 

67.00 

1R.0U0 

6.9(6 

FS1 

01900 

893.1 

249.2 

6^0.0 

121.00 

lR.OuO 

6.6(0 

F;S  1 

040SO 

1042.4 

137.7 

720.0 

136.25 

11.000 

6. SCO 

MSI 

04000 

1540.8 

231.0 

670,0 

127.25 

18.000 

6,9(0 

MS  1 

09080 

1029.2 

1US.0 

630.0 

119.00 

19.000 

6.379 

MSI 

05100 

1118.0 

103.5 

640.0 

122.00 

19,000 

6,375 

MS  1 

05110 

1284.4 

100.0 

320.0 

60.00 

19,000 

6.375 

MS  1 

05180 

1281.7 

137.3 

421.0 

132.00 

in. ouo 

6. SCO 

MSI 

C5190 

1732.1 

118.1 

355.0 

66.00 

1R.O0O 

6.5C0 

MSS 

TABLE  8.  SUMMARY  OF  DEBRIS  DATA  TAKEN  FROM  PHOTOGRAMMETRIC  ANALYSIS  OF  AERIAL  PHOTOS 


DEBRIS  SIZE  INTERVAL  (FT) 

^  NUMBER  OF  DEBRIS*  1 

EVENT 4 

EVENT 6 

0.0— 0.8 

3034 

2223 

0.8— 2.5 

2315 

37 

2.6— 8.0 

188 

78 

8.0-10.0 

34 

122 

10.0-18.0 

10 

58 

16.0-20.0 

4 

77 

>20.0 

(1901*® 

(86)** 

TOTAL 

5778 

2881 

'EVENT  4  HAD  M0°  SURVEY  COVERAOE  WHEREAS  EVENT  S  GENERALLY  HAD  ONLY 
1*0°  SURVEY  COVERAOE. 

"THE  DEBRIS  CHARACTERIZED  AS  BSINO  LARGER  THAN  20  FT  HAVE  MULTIPLE  SURVEY 
POINTS.  THE  NUMBERS  IN  PARENTHESES  REPRESENT  THE  NUMBER  OP  SURVEY  PONUTS. 


1B62 


FIBER  BOARD  BUNDLES 


EVENT 4 


EVENTS 


TOTAL  RECOVERED 


0 


37 


6°  RECOVERY  SECTORS 

EVENT 4 

EVENTS 

n1 

n2 

"3 

"1 

FRONT 

638 

275 

6 

7075 

2740 

SIDE 

1488 

162 

46 

8098 

1 

REAR 

1329 

274 

32 

396 

n 

TOTAL 

3462 

711 

m i 

■Si 

6606 

360  SURVEY 


EVENT 4 


EVENT  5 


SMALL  DEBRIS 
(SINGLE  SURVEY  POINT) 

LARGE  DEBRIS 
(MULTIPLE  SURVEY  POINTS) 


600 


21 


973 


102 


TOTAL 


621 


1076 


AERIAL  SURVEY 

EVENT 4 

EVENT  6 

TOTAL  SURVEY  POINTS 

5778 

2S91 

TABLE  10.  DEBRIS  INITIAL  VELOCITIES 


EVENT 4 

WALL 

PREDICTED  VELOCITY  (FT/BI 

MEASURED  VELOCITY  <FT/8( 

FRONT 

ISO 

300 

SIDE 

60-90 

00 

REAR 

100 

12S  . 

EVENT  6 


WALL 

PREDICTED  VELOCITY  (FT/S) 

MEASURED  VELOCITY  (FT/S) 

FRONT 

420-900 

— 

SIDE 

160-400 

— 

REAR 

200 

— 

TABLE  11.  DEBRIS  SHAPE  FACTORS 
EVENT  4 


SECTOR 

ESTIMATE 

90%  CONFIDENCE  LIMITS 

FRONT 

0.42 

0.24 

0.60 

SIDE 

0.47 

0.20 

0.74 

REAR 

0.39 

0.21 

0.66 

ALL 

0.42 

0.21 

0.63 

EVENT  6 


SECTOR 

ESTIMATE 

90%  CONFIDENCE  LIMITS 

FRONT 

0.43 

0.22 

0.64 

SIDE 

0.46 

0.16 

0.74 

REAR 

0.46 

C 

0.96 

ALL 

0.44 

0.16 

0.70 
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EVENT 4 


EVENTS 


NOMENCLATURE 

TOTAL 

NUMBEft 

MAX  IMPACT 
RANGE  (FT) 

TOTAL 

NUMBER 

MAX  IMPACT 
RANGE  (FT) 

A  -  AIRCRAFT  FART 

'  ' 

71 

1100 

41 

1209 

8  -  BOMB  FRAGMENTS 

0 

— 

13 

1536 

CR  -  CONCRETE-RED  DYE 

26 

1019 

328 

1401 

CB  -  CONCRETE-BLACK  DYE 

28 

919 

61 

1122 

CY  -  CONCRETE- YELLOW  DYE 

4 

469 

69 

10S4 

CO  *  CONCRETE-GREEN  DYE 

37 

1309 

61 

1022 

CP  -  CONCRETE-PLAIN 

231 

12S4 

246 

1488 

0  -  ASPHALT 

0 

— 

1 

358 

MO  -  STEEL  «  CONCRETE 

20 

431 

62 

1357 

MS  -  STEEL 

18 

869 

33 

1236 

ISA  -  ARCH 

0 

— 

28 

SI  -  RING  BEAM 

9 

1722 

38 

S2  -  FRONT  DOOR  BLAST  PLATE 

9 

630 

0 

S3  -  FRONT  DOOR  OUTRIGGER 

13 

420 

35 

910 

S4  -  FLASHING 

27 

898 

9 

969 

86  >  REAR  DOOR  Si  FRAME 

0 

— 

6 

261 

R  -  REBAR 

22 

548 

24 

989 

S -  SPALL  PLATE 

5 

BSC 

2f 

1649 

TOTAL 

521 

1076 

— 

TABLE  13.  HAZARD  RANGES  ESTIMATED  FROM  THE  DEBRIS  DATA  FOR  EVENTS  4  AND  6 


FRONT 

SIDE 

REAR 


EVENT  4 

RW1/3  <FT/LB1/3>) 
48.9 
>!SG 

42.8 


C3%  CONFIDENCE 
47.3-51.4 

414-44.4 


FRONT 
SI  JE 


EVENT  6 

R/W 1/3  (FT/LB1/3) 

48.4 

•1.7 


96%  CONFIDENCE 
49.1  •  60.0 
00  3  ■  63.0 
37.3-30.3 


FIGURE  3.  AIRCRAFT  SHELTER  GRID  FOIMTS 


H0TE1:  S  DEBRIS  RECOVERY  SECTOR -SURVEYED  CLEANED 
MARKEDON  50  FT  INCREMENTS),  ANO  SPRAYED. 
DEBRIS  COUECTEO  BETWEEN  MINMtUM/MAXfKM 
RANGES  INDICATED 
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FIGURE  6.  DEBRIS  COLLECTION  SETUP  -  DISTANT  RUNNER  EVENT  4 


FIGURE  8.  DEMIS  NUMBER  DISTRIBUTION  FOR  ALL  5*  RECOVERY  SECTORS  -  EVENT  4 


FIGURE  9.  DEBRIS  NUMBER  DISTRIBUTION  FOR  ALL  6°  RECOVERY  SECTORS  -  EVENT  8 


FIGURE  12.  EVENT  4  MISSILE  MAP  -  MULTI  POINT  SURVEYS 


FILE1  EV3LAR 

MIN  RANGE '  E. 

MAX  RANGE1  2009. 

DEL  RANGE1  1000. 

MIN  ANGLE1  0. 

MAX  ANGLE1  360 

DEL  ANGLE1  30. 

PLOTTEO1  102 
OF  1015  POINTS 


FIGURE  13.  EVENT  6  MISSILE  MAP  -  MULTI  POINT  SURVEYS 


FILE*  EU4HSS 


EVENT  4  MISSILE  MAP  FOR  MSI  (RING  8EAM)  DEBRIS 


FIGURE  IS.  NUMBERS  OF  DEBRIS  COLLECTED  IN  THE  6s  RECOVERY  SECTORS 


D5r3RjS  AREAL  NUMBER  DENSITY  DISTRIBUTIONS  FOR  FIGURE  20.  DEBRIS  AREAL  NUMBER  DENSITY  DISTRI 
THE  5°  SECTORS  -  EVENT  4  THE  5°  SECTORS  -  EVENT  5 
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by 
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ABSTRACT 


msthod  la  presented  to  quantify  tha  laval  of  hazard  to  which  personnel 
In  the  vicinity  of  an  accidental  explosion  in  an  aircraft  shelter  would 
be  exposed.  Based  on  a  previous  analysis  of  blast  and  fragment  effects 
from  an  expi&eiwv^in  a  third  generation  Norwegian  aircraft  shelter,  model 
test  results  in  scales  1 i 100  and  1:20  for  the  Norwegian  shelter,  and  full- 
scale  test  results  for  a  U.Sr'"SheLj;erJ  quantity  distance  standards  pro¬ 
posed  by  NATO  may  be  reduced;  however, “TTfelACtvelj^siinple  summary  of  the 
specific  hazards  to  humans  is  desirable  in  this  effortv-^Probability  as  a 
function  of  distance  from  an  explosion  for  personnel  injury  has  been  de¬ 
fined  using  state-of-the-art  methodologies  in  conjunction  with  the  blast 
field  and  fragment  distributions  predicted  or  measured  for  two  accident 
scenarios:  (1)  10,000  kg  net  explosive  weight  in  a  Norwegian  shelter,  and 
(2)  5,000  kg  net  explosive  weight  ir  a  Norwegian  shelter.  Consideration 
was  given  to  personnel  located  in  the  open,  inside  a  two-story  concrete 
building,  and  inside  a  one-story  wood  building.  The  prediction  methods 
presented  combine  probability  of  injury  or  fatality  given  exposure  to  blast 
or  fragments,  with  a  probability  of  exposure  to  define  the  specific  hazard 
to  humans  in  the  event  of  an  internal  ordnance  explosion  in  a  Norwegian 
aircraft  shelter. 

\ 
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1.0  INTRODUCTION 


In  1979  a  study  was  bagun  to  examine  ths  validity  of  applying  explo¬ 
sive  quantity-distance  (QD)  criteria  proposed  by  NATO  to  the  siting  of  hard¬ 
ened,  third-generation  Norwegian  aircraft  shelters.  These  Q0  criteria  are 
believed  to  be  overly  conservative  and  in  some  cases  could  hinder  readiness. 
More  appropriate  criteria  for  siting  aircraft  shelters  are  necessary  due  to 
constraints  on  property  available  at  air  bases  and  the  desire  to  operate 
efficiently  both  inside  and  outside  a  shelter.  Although  the  NATO  QD  cri¬ 
teria  seem  too  restrictive,  the  need  for  some  type  of  siting  crltsria  is 
definitely  recognized.  If  an  accidental  explosion  of  smmunition  occurs 
within  the  storage  chamber  located  beneath  the  floor  of  e  shelter,  bleat 
and  fragments  can  causa  serious  daaega  to  structures  and  personnel  in  the 
vicinity.  A  method  of  calculating  the  expected  debris  pattern  and  external 
blast  field  following  an  accidental  detonation  was  clearly  needed.  The  study 
originally  started  In  1979  row  encompasses  three  major  phases:  an  analytical 
procedure  to  predict  the  blast  and  debris  environment,  modal  scale  tests  con¬ 
ducted  In  scales  1:100  and  1:20,  and  a  procedure  for  estimating  probability 
of  lethality  for  humans  In  the  shelter  vicinity  which  is  based  on  the  model 
test  results.  The  first  two  phases,  described  in  detail  in  Reference  1,  were 
the  subject  of  a  paper  presented  at  the  19th  Explosives  Safety  Seminar  (Refer¬ 
ence  2).  The  third  phase,  dealing  with  damage  to  humans  and  described  in  Ref¬ 
erence  3,  is  the  main  emphasis  of  this  paper. 

In  addition  to  the  work  done  concerning  the  Norwegian  shelters,  some 
full-scale  tests  have  also  been  conducted  for  hardened  U.  S.  Air  Force  third- 
generation  shelters  and  adjoining  runways  and  taxiways.  These  full-scale 
tests,  known  as  DISTANT  RUNNER,  were  sponsored  oy  the  Defense  Nuclear 
Agency  (DNA)  and  were  primarily  directed  at  determining  the  suitability  of 
existing  QD  criteria,  as  were  the  Norwegian  tests.  The  full-scale  DISTANT 
RUNNER  events  were  completed  in  November  1931.  Model  scale  tests  for  the 
U.  S.  shelters  are  scheduled  for  completion  in  1984.  When  these  model  tests 
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have  been  completed,  a  asperate  comparison  atudy  con  due  cad  between  cha  0.3, 
shelter  rasulca  and  Cha  Norwegian  raaulta  would  be  beneficial.  There  ara 
definite  differences  in  cona true cion  batwaan  cha  two  ahalcara  and  In  loading 
danaiclaa  tor  cha  caata  conducted.  However,  similar  paCtama  in  cha  blaac 
and  dabrls  environments  hava  baan  observed  In  tacta  completed  to  daca. 

In  Cha  following  a actions,  a  brlaf  ovarviaw  will  ba  given  of  tha  schema 
tor  pradlccing  tha  hazard  for  huatna  in  tha  vicinity  of  an  accidental  explosion 
and  recommendations  basad  on  the  results  determined  in  the  third  phase  of  this 
study. 
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2.0  PREDICTION  OF  BLAST  AMD  FRAGMENT  ENVIRONMENT 


Tha  blast  and  fragment  hazard  cad  subsequent  damage  levels  for  huMM 
war*  predicted  for  charge  waighte  of  i0,000  kg  and  5,000  kg  TNT  equivalent. 
Reference  1  presents  a  datallad  description  of  tha  derivation  of  tha  p ra¬ 
dio  cion  schema  uaad  along  with  tha  blaat  and  fragment  environment  pr* diction* 
for  a  charga  of  10,000  kg.  Thia  aaoaa  procadura  ha*  now  boon  applied  for  a 
charge  of  5,000  ItgTNT  equivalent,  with  tha  results  described  in  Reference  3. 

In  this  section,  the  steps  in  tha  hsserd  prediction  asthod  will  be  briefly 
described.  A  review  of  the  conclusions  drawn  from  Phases  1  and  2  will  be 
presented. 

The  major  objective  of  Phase  1  was  to  devise  a  method  to  calculate 
tha  expected  debris  pattern  and  external  blast  fiald  created  by  an  acciden¬ 
tal  detonation  of  the  ammunition  stored  In  an  underground  chamber  beneath 
a  third-generation  Norwegian  aircraft  shelter.  Figure  1  depicts  the 

typical  shelter  considered  in  this  study.  In  Reference  1,  the  method 
established  aa  the  most  accurate  based  on  comparisons  with  model  test  re¬ 
sults  first  determines  Che  internal  blast  loading  on  the  different  surfaces 
of  the  shelter  and  Chen  estimates  a  breakup  pattsm  ao  chat  individual  frag¬ 
ments  can  be  studied  to  calculate  velocities,  trajectories,  and  maximum 
ranges.  An  estimation  procedure  for  external  blast  parameters  is  also  in¬ 
cluded  in  the  machodology.  Both  the  external  blast  field  and  the  debris  en¬ 
vironment  must  be  considered  in  locating  aircraft  shelters  with  regards  to 
safety  for  neighboring  structures  and  work  areas. 

In  Phase  2,  experiments  to  determine  blast  and  debris  effects  following 
an  accidental  explosion  of  10,000  kg  INT  equivalent  were  conducted  by  NDCS  in 
Norway.  The  experimental  results  were  used  in  coordination  with  the  analytical 
predictions  for  a  better  understanding  of  the  hazards  associated  with  an  ex¬ 
plosion  inside  an  aircraft  shelter.  The  main  program  consisted  of  tests  in 


scales  1:100  and  1:20  of  rainforcad  concrata  modal*  for  which  msasuremtnta  of 
•xtsrnal  air  blast.  blgh-apaad  film  recordings  of  dabria  trajactoriaa ,  and  da- 
brla  mapa  vara  nada.  In  tha  aacond  aupplaaancary  progran,  intarnal  moaaura- 
manta  of  blaat  paraaatara  wara  takan  at  22  locatlona  on  tha  walla,  roof,  and 
floor  of  a  1:75  acala,  nonraapondlng  ataal  modal.  As  a  part  of  thla  progran, 
ona  taat  waa  alao  parformad  on  a  1:100  acala  cb^crata  nodal  with  blaat  gaugaa 
locatad  in  a  nonraapondlng  ataal  floor  to  allow  blaqt  measurement  comparlaons 
betwran  responding  and  nonraapondlng  aodals.  Both  of  tha  axperlmantal  pro¬ 
grams  are  sutmaarizad  In  Reference  1  with  more  detailed  descriptions  of  tha 
taata  In  References  4  and  5.  For  the  purpoaas  of  the  third  phaaa^of  this  study 
aummarlzed  herein,  tha  reaults  of  these  taata  will  be  briefly  discussed' with 
emphasis  on  how  they  compared  with  tha  engineering  estimates. 


Figure  1.  Typical  Norwegian  Aircraft  Shelter, 
Indicating  Surface  Numbering  Scheme 


3.0  SCUEHX  FOR  FREOXCTIRC  INJURY  TO  HUMANS 

4 

Presented  In  chin  section  is  a  qualitative  description  of  how  results 
of  the  engineering  analysis  and  ths  nodal  casta  (Phases  1  and  2  of  cha  study) 
warn  ussd  coward  cha  prediction  of  probability  of  hie  and  subsequent  proba¬ 
bility  of  injury/lachality  for  a  parson  in  cha  opsn,  in  a  two-story  rainforcad 
cone  rats  building,  and  in  a  one -story  woods  n  building.  A  literature  saarch  was  per¬ 
formed  to  obtain  stata-of-tha-art  injury  and  lachallty  data.  Spadflc  Injury 
lavals  du»  to  blast  alona  such  as  damage  to  lungs  and  aardnuH  can  ba  datar- 
mlnad  for  a  parson  standing  in  the  open.  Howavar,  nost  of  tha  fragment  im¬ 
pact  data  ara  for  small,  penetrating  f ragman ts  or  for  nonpana tracing  fragments 
waighing  no  more  than  100  lb.  Most  of  the  fragments  recovered  from  the  model 
tests  scale  up  to  vary  .la^ge  sixes.  It  is  recognized  that  not  all  fragments 
were  recovered  after  the  tests,  especially  extremely  small  (in  1:100  or  1:20 
scale)  pieces  of  concrete  and  particles  from  the  soil  cover  against  the  walls. 
However,  since  these  fragments  comprised  less  than  20  percent  of  the  total 
shelter  surface  area  (approximately  80  percent  of  the  shelter  was  recovered 
after  each  model  test),  the  hezard  to  humans  will  be  defined  almost  solely 
in  terms  of  probability  of  lethality  from  relatively  large  fragments  instead 
of  specific  lesser  degree  injuries.  Methods  for  predicting  less  severe  in¬ 
juries  are  described  in  Appendix  A  of  Reference  3,  and  a  complete  list  of 
references  In  which  these  methods  can  be  found  is  included  in  the  bibliography 
to  that  report. 

The  hazard  to  humans  can  be  from  actual  loads  from  the  shock  wave 
or  from  fragments.  The  shock  loads  can  affact  a  parson  directly  If  ha 
is  in  th«  open,  or  thay  can  damaga  another  structure  producing  fragments 
from  walls,  windows,  or  framework  which  can  injure  a  person  inside  that 
structure.  Injury  can  also  result  from  shelter  fragments  directly  striking 
a  person  in  the  open  or  impacting  another  structure,,  again  producing  frag¬ 
ments  from  that  structure  which  can  injure  a  parson  inside.  Each  of  these 
modes  of  injury,  addressed  in  detail  in  Reference  3,  will  be  summarized  in 
this  paper  as  it  relates  to  the  three  specific  environments  mentioned  earlier. 
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The  emphasis  of  eh*  previous  several  paragraph*  h*a  b**a  on  defining 
eh*  hazard  baaad  on  cha  proDabili.«-y  of  injury/ lethality  given  exposure.  Bow* 
av*r,  a  method  of  predicting  *spo*ux*  ouae  also  b*  Included  in  eh*  analysis. 
In  th*  c*««  of  damage  from  blase  alone,  eh*  probability  of  *rpoaur*  Lap lias 
eh*  probability  that  a  parson  will  b*  In  eh*  ar*a  at  eh*  tin*  of  axplosion 
and  witness  eh*  blase  warv*.  this  probability  obviously  peasants  a  difficult 
easfc  sine*  eh*  atnosphar*  around  eh*  axplosion  ale*  d*p*nds  on  an  actual  lo¬ 
cation,  where as  eh*  goal,  of  this  analysis  was  to  asks  an  accidant  scenario 
as  ganaral  as  poasibl*  so  ths  rssults  could  bs  applied  to  any  location.  Given 
a  specific  location,  this  probability  of  being  exposed  could  b«  astlmacad 
based  on  work  shifts,  open  area,  ate.,  and  could  than  b*  combined  with  the 
probability  of  injury  or  faealley  given  exposure  to  determine  final  results 
which  will  define  the  blast  hazard. 

For  eh*  caaa  of  damage  due  to  fragments  from  the  shelter  or  neigh¬ 
boring  structures,  the  probability  of  exposure  implies  not  only  the  prob¬ 
ability  that  a  parson  will  be  in  the  area,  but  also  the  probability  that 
ha  will  be  hit  by  a  fragment  if  h*  is  there.  To  daearmln*  th*  probability 
of  dabrls  hitting  a  parson,  cha  era*  around  a  shelter  is  divided  into  six 
zones  as  shown  in  Figure  2.  Fragments  can  originate  from  any  of  the  shelter 
surfaces  1-13  (as  depicted  In  Figure  1)  and  are  sized  according  to  the  surface 
of  origin  in  a  defined  "average'  breakup  pattern.  This  breakup  pattern  was 
formulated  by  studying  the  breakup  patterns  in  all  the  1:20  scale  tests  and 
subjectively  "averaging"  the  results.  (The  breakup  pattern  for  each  test  had 
been  reconstructed  due  to  a  coloring  and  numbering  scheme  built  into  each 
model.  See  References  1  and  4  for  a  description  of  the  model  construction 
and  test  setup.)  The  zones  in  Figure  2  were  considered  individually  when  de¬ 
termining  probability  of  debris  hit  as  a  function  of  distance  from  the  shelter. 

Using  the  fragment  sizes  from  the  average  breakup  pattern,  a  range  of 
trajectory  angles  and  velocities  over  which  a  certain  fragment  would  have  the 
ability  to  be  projected  was  determined.  This  range  of  trajectories  and  veloc¬ 
ities  depends  on  from  which  part  of  which  surface  the  fragment  originates.  It 
was  assumed  that  each  fragment  has  the  opportunity  to  obtain  any  trajectory 
or  velocity  within  the  range  determined  for  a  particular  fragment. 


Figure  2.  Definition  of  Hazard  Zones 


I 

The  rang*  of  trajectory  angles,  4ft,  foe  a  particular  fragment  was 
detarmlnad  by  study  log  films  and  nodal  cant  results  fro*  Sofaeanoa  4.  Th« 
bulk  of  th a  data  (as  measured  from  the  high-speed  film)  van  for  surfacas 
2  and  4,  with  som  data  for  tha  shaltar  bank.  Because  the  data  wars  coo 
limit ad  eo  parfora  a  rigorous  statistical  analysis  in  determining  a  rsaga 
of  anglas,  physical  judgement  was  aaarcisad  to  determine  an  aatiastad  range. 
By  coapstlAg  tha  an^l*  4  formed  by  tha  intersection  of  tha  normal  to  sur¬ 
face  2  or  4  and  the  shelter  floor  to  maasursd  extremes  of  trajectory  angles 
0,  an  average  46  waa  calculated.  This  average  was  12  degraea.  thus,  the 
range  of  ft'a  for  fragoanta  from  each  surface  waa  defined  «  ♦  +  12*,  i.a., 
within  12  degrees  of  normal  to  tha  surface.  This  rule  was  used  for  every 
surface  except  8,  tha  back  exhaust  portal  section,  for  which  trajectories 
observed  in  the  model  test  films  wars  used. 

The  determination  of  the  velocity  range  for  each  fragment  waa  based 
on  the  impulsive  loading  to  its  surface  of  origin.  The  impulsive  loading 
to  surfaces  1  through  5  was  calculated  aa  described  in  Reference  1  based  on 
a  volume  ratio  corrected  charge  weight.  Loading  on  the  back  surfaces  was  cal¬ 
culated  assuming  reflected  blast  waves.  Velocities  were  then  calculated  as 

v  ,  iA_ 

V  M 


where : 

V  -  fragment  velocity 
i  *  reflected  specific  impulse 
A  ■  fragment  area 
M  *  fragment  mass. 

Once  the  ranges  of  trajectory  angles  and  velocities  for  a  particular  frag¬ 
ment  size  had  been  determined,  the  minimum  and  maximum  possible  distances  which 
a  fragment  of  that  3ize  could  travel  were  calculated  by  running  a  trajectory 
computer  code  repeatedly,  using  possible  combinations  of  initial  angles  and 
velocities  as  input.  It  must  be  assumed  that  a  fragment  will  have  an  equal 
chance  of  obtaining  any  particular  range  within  the  range  spread  for  that 
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can 


fragMftt  alia,  the  minimus  and  maximum  ranges  of  each  type  fragment  which 
land  in  tones  1  through  5  were  determined  for  10,000  kg  and  5,000  kg  charges . 
Fragments  from  surfaces  1,  2  and  3  can  land  In  zone  1  (see  Figure  2  for  gone 
definition).  Zone  2  can  receive  fragments  from  aurfacea  7,  10  and  11-  Only 
fragments  from  surfaces  6  and  13  can  land  In  zone  3  baaed  on  the  modal  teat 
results.  Fragments  from  surfaces  6,  9  and  11  can  laid  In  zone  4,  end  zone  5 
receives  fragments  from  surfecss  3,  4  and  5.  The  fragments  landing  in  tone  6 
will  mostly  be  door  fragments;  however,  the  probability  of  hit/lethallty  for 
this  zona  was  not  examined  in  this  study.  When  the  debrl9  data  base  had  been 
established  for  each  zona,  predictions  of  probability  of  hit  and  Injury  of 
lethality  could  be  aade  for  the  zones  using  the  methodologies  described  in 
the  following  section. 
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4.0  DEFINITION  OF  THE  HAZARD 


la  this  taction  eho  procedural  art  daacribad  which  war*  used  to 
dafinm  tha  hazard  to  parsons  in  tha  vicinity  of  an  accidental  a halter  ex¬ 
plosion  given  the  blast  and  fragment  environment  predictions  presented  in 
Sections  2  and  3.  Summaries  of  final  probabilities  of  lethality  due  to 
blast  or  fragment  impact  will  be  presented  In  tabular  fora  for  the  three 
basic  cases  considered  in  this  study:  1)  a  parson  in  the  open,  2)  a  person 
In  a  two-story  reinforced  concrete  building,  and  3)  a  person  in  a  one-story; 
wood  fraae  building. 

Before  the  hazard  could  be  described  In  terms  of  final  probability  of 
lethality  for  each  zona,  a  probability  of  exposure  had  to  be  defined.  As 
discussed  in  Section  3.0,  the  probability  of  exposure  implies  the  proba¬ 
bility  that  e  person  will  be  in  the  vicinity,  and  in  the  case  of  the  frag¬ 
ment  hazard,  the  probability  a  parson  will  be  hit  by  a  fragment  whan  ha  Is 
in  tha  area.  Predictions  of  parsons  in  the  area  at  a  given  time  ware  not 
addressed  in  this  analysis  since  these  are  site-dependent.  Hovever,  predic¬ 
tion  of  tha  probability  of  hit  was  a  major  effort  In  the  study.  Probabilities 
of  hit  in  both  the  horizontal  and  vertical  plane  were  examined  to  account 
for  a  fragment  essentially  landing  on  top  of  a  person/building  or  hitting 
the  person/building  In  its  flight  path. 


The  probability  of  hit  in  the  horizontal  plane,  Pg,  is  the  probability 
of  a  fragment  landing  in  a  given  area.  It  is  defined  as 


where 


TFA. 


TFA, 


PHj  * 


THA. 


total  fragment  area  of  this  type,  i.a.,  the  product  of  the 
number  of  fragments  of  type  j  times  the  fragment  area 


THA 


j 


and  THA, 


total  fragment  hit  area  for  fragment  type  j 

(length  of  the  surface  from  which  a  zone  is  defined) (RMAX^ 
-SHIN, )  +  (RMAX2  -RMIN  2)(tan  20*) 


where 

IMttj  »  umbtUbss  range  *  fragment  of  type  j  can  land 

r®UNj  *  minimum  range  &  fragment  of  type  J  can  land. 

Figure  3  is  a  schematic  showing  the  derivation  of  the  total  fragment  hit 
area,  tha,  for  tone  1.  The  THA  for  fragment  sixes  in  the  other  zonas  is 
calculated  in  the  same  manner.  The  probability  of  hit  could  thus  be  calcu¬ 
lated  for  each  different  fragment  type  in  each  zone. 

The  probability  of  hit  in  the  vertical  plane,  Pgyy  is  the  probability 
a  fragment  will  travel  through  a  given  vertical  plane  across  a  specific  zone. 
If  a  person  is  standing  the  same  distance  from  the  shelter  as  the  vertical 

plane  being  considered,  he  will  have  a  finite  probability  of  being  hit  by 

f ragman ts  traveling  through  this  plane.  Basically,  two  cases  heed  to  be 
considered:  1)  the  area  of  the  fragment  of  type  j,  A^  ,  is  less  than  the 
exposed  portion  of  the  area  of  a  parson,  Agj,  or  2)  is  greater  than  or 

equal  to  A  .  The  exposed  portion  of  the  area  of  a  person  is  defined  as: 

A  -  (EP  -  HKBD(HW) 
m 

where 

HP  ■  height  of  a  person  x  safety  factor  (to  account  for  the  frag¬ 
ment  width  below  its  center  of  mass) 

HMIN  »  minimum  height  a  fragment  of  a  particular  type  can  obtain  at 
this  location  (vertical  plana) 

HW  *  width  of  a  parson. 

In  this  study,  the  person  and  safety  factor  considered  were: 

HP  »  3m 
HW  *  0.5m. 
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THA  -  (Length  of  Surface  1)  (RMAJCj  -  RMIN^) 
+•  (RMAX,2  -  RMIN . “)(. tan  20°) 

J  J 


Figure  3.  Calculation  of  THA  for  Zone  1 
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a)  with  <  RMIKj 

r  tfai  1 

PHV  *  [_(HHAX1  -HHINt)LiJ 
or  b)  with  RMINj  <_  Rg  <,  RMAX^ 


HV 


TTA.J 

r,  „  -"“Vl 

(HMAXi  -aMlU1)Li 

A  (RMAXj  -RMINj) J 

It  should  be  noted  Chat  HMIN^  -  0  when  >_  RMINj 


Ones  the  probability  of  hit  in  the  horizontal  or  vertical  plane  is 
known  for  a  particular  fragment  type,  the  probability  of  lethality  given  a 
hit  needs  to  be  calculated.  Again,  several  references  were  found  which  con¬ 
tained  methods  for  predicting  probabilities  of  various  less  severe  injuries, 
but  they  are  based  on  very  small  fragment  sizes  compared  to  the  debris  sizes 
in  the  average  breakup  pattern  described  in  Section  3.  Such  small  debris 
do  exist  after  an  explosion  of  this  type,  but  this  analysis  is  based  on  model 
test  results  in  which  debris  which  would  scale  as  very,  small  in  the  prototype 
was  not  collected  or  reported.  It  is,  therefore,  more  realistic  to  define 
lethality  levels  in  each  zone  and  have  this  govern  the  hazard  limit  distances 


To  determine  probability  of  lethality  from  fragment  impact,  a  logistic 
distribution  function  was  applied  to  lethality  probability: 


P,  - 


L  1  +  exp  [a  +  6  in  (MV2/WD)] 


where 


P  -  probability  of  lethality  for  person  of  mass  W 
L 
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a, 8  ■  curve  fitting  parameters  determined  by  least  squares 
M  ■  mass  of  fragment  (g) 

V  »  impact  valocity  of  fragmanc  (m/sac) 

W  -  mass  of  parson  (kg) 

D  ■  dlamatar  of  aquivalant  sphara  for  a  chunky  fragmanc  (cm). 

Each  type  of  fragment  for  a  particular  zone  must  be  considered  separately  to 
determine  the  probability  of  lethality  given  a  hit.  The  probability  was  based 
on  the  highest  possible  impact  velocity  in  the  range  of  velocities  which  were 
possible  for  a  particular  fragment  type.  The  probability  of  lethality  for 
each  type  was  then  the  product  of  the  probability  of  hit  and  the  probability 
of  lethality  given  a  hit. 

Since  the  event  of  one  fragment  type  hitting  a  person  is  independent 
of  the  event  of  another  fragment  type  hitting  the  person,  the  final  proba¬ 
bilities  of  lethality  for  all  fragment  types  in  a  zone  can  be  combined  to  ob¬ 
tain  the  hazard  at  a  particular  distance  from  the  shelter  using  simple  statistics. 

Person  in  the  Open 

The  hazard  to  a  person  in  the  open  following  an  accidental  explosion  is 
defined  by  possible  injury  due  to  the  actual  shock  wave  and  lethality  due  to 
shelter  fragment  impact. 

Damage  to  humans  due  to  blast  effects  can  be  predicted  using  methodol¬ 
ogies  described  in  Reference  7.  The  methods  included  in  this  study  to  define 
the  hazard  to  humans  resulting  from  direct  blast  effects  are  prediction  of 
lung  damage  and  eardrum  damage.  Injury  from  direct  blast  or  overpressure 
effects  was  considered  only  for  persons  in  the  open,  not  persons  inside  build¬ 
ings.  Damage  to  buildings  due  to  blast  effects,  however,  will  be  discussed 
because  the  blast  can  cause  collapse  of  a  building  and,  thus,  indirectly  cause 
injury  to  persons  inside  from  fragment  impact. 
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Side-on  overpressures  relating  to  100  percent,  SO  per coat,  end  0  per¬ 
cent  survival  from  lung  damage  were  assessed.  The  exterior  blast  field  for 
10,000  kg  and  5,000  kg  charges  was  used  to  determine  the  distance  associated 
with  each  hazard  level  for  lung  damage. 

Damage  to  the  human  ear  was  evaluated  at  50  percent  and  100  percent  sur¬ 
vival  thresholds.  The  side-on  overpressures  defining  each  of  these  levels 
were  determined  using  information  in  Reference  7.  Again,  the  exterior  blast 
field  for  10,000  kg  and  5,000  kg  charges  was  used  to  obtain  the  distance 
associated  with  each  hazard  level  for  eardrum  damage.  The  hazard  to  a  person 
in  the  open  due  to  injury  from  the  blast  wave  is  summarized  in  Table  1. 

Table  1. 

Damage  to  Lungs  and  Eardrums  of  Persons 
in  Vicinity  of  a  Shelter  Explosion 

kanga  (■)  For 


Injury 

rt  (kPa) 

10.000  kg 

cttMsm. . 

5,000  kg 
Qiarga 

1001 

Survival  -  Lung 

70 

2a 

19 

sox 

Survival  -  I,ung 

260 

13 

10 

ox 

Survival  •  Lung 

370 

10 

<10 

100X 

Survival  -  Eardrum 

33 

33 

27 

sox 

Survival  -  Eardrum 

100 

20 

16 

For  a  person  in  the  open,  the  probability  of  hit  by  a  shelter  fragment 
is  defined  as  hit  in  the  vertical  plane.  This  accounts  for  a  fragment  striking 
a  person  in  its  flight  path  and  not  Just  a  fragment  landing  directly  on  top  of 
a  person.  The  probability  of  hit  in  the  vertical  plane  was  calculated  for  all 
fragment  types  possible  for  each  zone  (see  Figure  2  for  zone  definition).  These 
hit  probabilities  were  then  combined  with  the  probability  of  lethality  given  a 
hit  for  each  fragment  type.  Probabilities  of  lethality  for  all  possible  frag¬ 
ment  types  for  a  zone  were  then  combined,  along  with  the  blast  results,  to 
define  a  probability  of  lethality  at  several  distances  from  the  shelter  center 
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for  each  zone.  The  final  results  of  lethality  from  shelter  fragment  impact 
on  a  paraon  in  tha  open  are  summarised  in  Table  2  for  tho  10,000  leg  case. 
Rasul ta  for  tha  3,000  kg  case  are  suanarizad  in  Rafaranc*  3. 

Table  2. 

SUMMARY: 

Probability  of  Lethality  - 
Person  in  the  Opan:  Charge 
Weight  Equivalent  of  10,000  kg  TNT 

PMSASiLirr  op  lethal rrr 


DISTANCE  raOM 

mm  cmn 

(•> 

zotnt 

l 

zaxt 

2 

ZONK 

3 

ZONE 

4 

ZONE 

3 

20 

1.0 

• 

A 

* 

0.4 

30 

1.0 

0.07 

1.0 

0.09 

- 

30 

1.0 

0.03 

0.0 

0.0 

0.2 

80 

1.0 

0.0 

0.0 

0.0 

0.005 

100 

0.8 

0.0 

0.0 

0.0 

0.0 

200 

- 

0.0 

0.004 

0.0 

0.0 

300 

- 

0.001 

0.0 

0.0 

0.0 

500 

0.002 

0.0 

0.0 

0.0 

0.0 

1000 

0.0003 

0.0 

0.0 

0.0 

0.0 

1200 

0.0001 

0.0 

0.0 

0.0 

0.0 

*  Pox  calculated 

-  Ola  tones 

ta  varjr 

close  co  tha 

shaltar 

i 

i 


i 
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Parson  in  a  Building 

Tha  hazard  from  an  accidental  Explosion  in  an  aircraft  shelter  to 
a  person  inside  another  building  is  considered  for  two  cases:  1)  a  two- 
story,  reinforced  concrete  building  and  2)  a  one-story,  wood  frame  building. 
Damage  to  a  person  in  either  type  building  can  occur  through  two  modes: 

1)  injury  from  hazardous  building  debris  (not  shelter  debris  -  originating 
from  structure  collapse  due  to  the  applied  blast  load,  and  2)  injury  from 
debris  caused  by  aircraft  shelter  impact  on  the  building.  It  should  be 
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noted  that  the  external  blast  field  was  predicted  to  be  symmetric  about 
the  shelter;  hence,  injury/ fatality  levies  in  mode  1  will  also  be  aytane- 
tric  about  the  shelter.  Mode  2  levels  will  be  definsd  by  zones.  Mode  1 
injury  can  result  from  fragments  from  wall  or  roof  panels  or  glass  frag¬ 
ments  from  a  window.  Mode  2  injury  can  result  from  shelter  debris  which 
has  perforated  a  wall  or  roof  panel  or  from  collapse  of  a  wall  or  roof 
due  to  shelter  debris  impact  on  the  panel.  Both  modes  are  based  on  damage 
levels  to  the  building  under  investigation. 

For  mode  1  injury,  levels  of  damage  due  to  total  building  collapse, 
partial  building  collapse  and  window  breakage  were  considered.  The  Injury 
levels  associated  with  these  three  damage  levels  are  as  follows : 

a)  Total  collapsa  -  a  100  parcant  chance  of  both  injury 
and  fatality 

b)  Partial  collapse  -  a  100  percent  chance  of  both  injury  and 
fatality  in  the  area  of  collapse;  i.e.  ,  the  areas  near  the 
face  of  the  building  which  is  closest  to  the  explosion  and 
the  area  undar  any  roof  collapse. 

c)  window  breakage  -  damage  calculated  based  on  glass  fragment 
Impact  on  human  skin. 

The  Importance  of  describing  the  hazard  to  humans  for  a  general  accident 
site  has  been  stressed  earlier  in  this  report.  Therefore,  when  determining 
building  damage,  typical  wall  and  roof  panels  were  selected  to  demonstrate 
the  procedure.  The  analysis  would  need  to  be  repeated  for  specific  buildings 
around  an  actual  shelter  under  investigation. 

The  radius  of  total  collapse  was  determined  by  choosing  typical  vail  and 
roof  panels  for  a  two-story,  reinforced  concrete  building  and  for  a  one-story, 
wooden  structure.  The  concrete  building  is  assumed  to  have  non-loadbearing 
walls,  while  the  walls  in  the  wooden  building  are  assumed  to  be  loadbearing. 
The  response  to  blast  loading  was  determined  for  wail  and  roof  slabs  by  con¬ 
sidering  one-degree-of-f reedom  equivalent  systems  basi'd  on  the  methodology 
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described  in  Biggs  In  Reference  8.  Total  collapse  of  either  building  was 
defined  as  the  collapse  of  all  walls  and  die  roof  by  a  side-on  blast  wave, 
i.e.,  if  the  walls  recaiving  a  side-on  blast  wave  collapse,  the  walls  "feeling" 
the  blast  as  a  reflected  wavs  will  also  collapse  since  that  is  a  worst  case. 

In  defining  damage  due  to  partial  collapse  of  a  building,  the  dis¬ 
tance  at  which  the  walls  collapse  from  reflected  blast  pressures  is  detsr- 
mined.  Engineering  estimates  of  the  percentage  of  space  inside  a  building 
which  is  exposed  to  debris  from  partial  collapse  were  made  for  concrete 
and  wood  structures.  When  considering  the  two-story,  reinforced  concrete 
structure,  the  fact  that  the  building  Is  a  frame  structure  with  non-load¬ 
bearing  walls  governs  debris  exposure,  i.e.,  collapse  of  a  wall  does  not 
necessarily  imply  collapse  of  the  roof  and  visa  versa.  When  considering 
the  one-story  wooden  building,  the  fact  that  the  walls  are  loadbearing  im¬ 
plies  that  collapse  of  a  wall  will  also  cause  collapse  of  the  roof. 

For  window  breakage  in  either  type  building,  the  assumption  was  made 
that  60  percent  of  the  total  floor  area  in  a  building  is  near  enough  to  a 
window  to  be  exposed  to  glass  debris.  To  determine  the  probability  of 
lethality  due  to  glass  fragment  impact,  an  average  applied  load  (average 
of  side-on  and  reflected  pressures)  was  first  calculated / to  account  for  frag¬ 
ments  from  windows  in  walls  facing  the  shelter  and  in  walls  not  facing  it. 

Then  velocities  were  calculated  for  a  typical  glass  fragment  in  buildings  at 
several  distances  away  from  the  shelter  for  the  10,0q6  kg  and  5,000  k.g  cases. 
Next,  using  a  typical  glass  fragment  area,  the  probability  of  lethality  from 
the  glass  fragments  was  determined  at  each  distance.  The  Vjg  ballistic  limit 
velocity  for  penetrating  isolated  skin  was  calculated  using  a  method  presented 
in  Reference  9.  The  ballistic  limit  is  17?  m/e/c.  Since  this  velocity  is 
greater  than  the  velocities  of  the  glass  fragments  in  both  cases  in  as  close 
as  30  m  from  the  shelter  center,  and  since  tjris  velocity  is  the  velocity  at 
which  penetration  will  occur  50  percent  of  the  time,  the  probability  of  pene¬ 
tration,  and  by  definition,  lethality  from  glass  fragments  is  less  than  50 
percent.  Thus,  50  percent  probability  of  lethality  could  be  used  as  an  upper 


Hole.  If  this  50  percent  factor  is  combined  with  the  60  percent  factor 
which  accounts  for  the  building  floor  space  exposed  to  glass  fragments,  a 
conservative  probability  of  lethality  from  glass  fragments  hitting  someone 
Inside  a  building  would  be  0.3.  Combining  the  probabilities  of  lethality 
due  to  the  blast  load  on  the  building  (from  building  debris)  and  due  to 
window  breakage  from  the  blast  load,  produces  the  final  results  for  mode  1, 
for  the  concrete  and  wooden  buildings,  for  charge  weights  of  10,000  kg  and 
5,000  kg.  These  results  indicate  the  probability  of  lethality  due  to  a  node 
1  Injury  in  either  building  type  considered  Is  zero  past  100  meters  for  a 
10,000  kg  charge  and  past  70  meters  for  a  5,000  kg  charge  in  the  shelter. 

Mode  2  produces  injury /lethality  to  persons  Inside  a  building  from 
impact  of  shelter  debris  on  the  building.  The  shelter  debris  can  either  per¬ 
forate  a  wall  or  roof,  striking  a  person  inside;  or  it  can  cause  the  wall  or 
roof  to  fragment  or  spall,  thus  causing  wall  or  roof  debris  to  hit  a  person. 
The  analysis  of  mode  2  can  actually  be  divided  into  two  cases;  1)  damage  from 
very  large  fragments  and  2)  damage  from  small  fragments. 

Most  of  the  fragments  from  the  breakup  used  in  this  study  were  very 
large,  nonpenetrating  fragments.  Large  fragments  will  be  defined  as  those 
having  a  mass  greater  than  1,000  kg.  If  one  of  these  fragments  hits  a 
building,  total  collapse  of  a  large  portion  of  che  building  can  be  expected 
because  the  debris  are  large  enough  to  affect  more  than  a  single  room  or 
wall  of  a  room;  i.e.,  the  structure  as  a  whole  will  respond.  Thus,  gross 
structural  response  due  to  impact  by  shelter  fragments  governs  che  pre¬ 
diction  of  lethality  at  a  certain  distance  from  the  shelter.  To  predict 
gross  structural  response,  a  specific  impulse  which  would  be  Imparted  by 
a  fragment  striking  a  rigid  surface  is  calculated  for  each  "large"  frag¬ 
ment  type.  Then,  a  failure  criterion  based  on  damage  data  for  structures 
similar  to  the  typical  buildings  considered  is  used  to  determine  if  demoli¬ 
tion  of  the  building  occurs,  considering  only  the  impulse  asymptote.  Failure 
of  che  impacted  structure  is  assumed  to  occur  if  the  ratio  of  momentum  to 
area  (VM/A)  of  a  fragment  is  greater  than  500  Pa-sec.  Results  of  the  calcula¬ 
tion  of  the  momentum-to-area  ratios  for  all  "large"  fragment  types  indicate 
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chat  all  types  have  a  momentum- to -are a  ratio  much  larger  than  500  Fa-aac 
which  is  used  aa  tha  criterion  for  total  collapse.  Therefore,  any  of  the 
debria  can  collapse  the  portion  of  a  building  that  it  hits.  By  definition, 
then,  persons  in  that  portion  of  the  building  will  be  fatally  injured  with 
certainty.  To  determine  the  portion  of  the  building  affected  by  a  certain 
fragment-type  hit,  the  total  fragment  area  was  considered  along  with  the 
total  area  of  building  debris  to  account  for  sympathetic  collapse.  To  in¬ 
clude  the  building  debris  from  a  collapsed  portion  of  an  impacted  building 
in  the  lethality  predictions,  the  expected  effected  vertical  area  which  would 
be  covered  by  this  building  debris  was  added  to  the  impacting  shelter  fragment 
area.  The  area  of  building  debris  involved  was  related  to  the  fragment  size, 
i.e.,  the  larger  the  impacting  shelter  fragment,  the  greater  the  quantity  of 
sympathetic  building  debris  generated.  This  amount  was  set  as  equal  to  the 
impacting  fragment,  i.e.,  the  total  hazardous  debris  area  considered  in  the 
probability  calculations  was  twice  the  impacting  fragment  area  -  half  for  the 
area  of  the  shelter  fragment  itself  and  half  for  the  sympathetic  building 
debria  area.  This  result  applies  to  both  types  of  structures  investigated. 

The  probability  of  hit  to  be  used  in  the  mode  2  analysis  is  the  prob¬ 
ability  of  hit  in  the  horizontal  plane,  Py.  Using  Py  will  account  for  hits 
on  a  building  roof  and  upper  walls.  The  vertical  plane  probability  of  hit, 
Pyy,  would  be  considered  for  the  fragments  from  the  shelter  side  walls  if 
pieces  of  these  surfaces  traveled  very  far;  however,  fragments  from  side  sur¬ 
faces  1,  5,  6  and  7  do  not  travel  very. far,  so  only  Py  is  considered.  Prob¬ 
abilities  of  hit  in  the  horizontal  plane  and  subsequent  probabilities  of 
lethality  for  each  type  fragment  were  calculated.  Then,  for  several  distances 
in  each  zone,  the  expectation  of  lethality  was  determined  and  summarized  in 
Table  3  for  both  the  10,000  leg  case  and  the  5,000  kg  case.  The  expectation  of 
lethality,  as  opposed  to  the  probability  of  lethality,  is  presented  because 
this  value  can  be  greater  than  one;  i.e.,  a  greater  area  of  debris  can  hit  a 
space  on  the  floor  than  just  the  area  of  that  floor  space. 

"Small"  concrete  debris  from  the  shelter  are  defined  in  this  study  as 
those  with  mass  leas  than  500  kg.  For  these  fragments,  perforation  of  the 
impacted  structure  governs  the  hazard  definition.  Gross  structural  motion 
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is  not  considered.  None  of  Che  "smell"  fragment  types  considered  in  this 
analysis  perforates  the  wall  and  roof  sections  used  for  examples  of  the  con¬ 
crete  and  the  wooden  building  construction.  Thus,  the  mode  2  hazard  Is  de¬ 
fined  solely  in  terms  of  the  "large"  fragments  and  is  represented  in  Table 
3.  If  an  actual  building  which  does  permit  perforation  by  these  fragments 
is  being  analyzed,  one  could  determine  the  residual  velocity  of  the  fragment 
and  use  this  velocity  as  an  impact  velocity  to  predict  injury/ fatality  to  a 
person  inside  the  building  using  methods  presented  in  Appendix  A  of  Reference  3. 

Tabla  3. 

Mode  2  Results 


Distance  from 
Shelter  Center  (a) 

Zone 

Expectation  of  Lethality 

El 

10,000  kg  Charge  5,000  kg  Charge 

20 

1 

0.02 

0.8 

30 

0.2 

0.007 

50 

0.2 

0.007 

30 

0.01 

0.007 

100 

0.005 

0.007 

500 

0.001 

0.001 

1C00 

0.001 

0.0009 

1200 

0.0006 

0.0 

20 

2 

2.0 

2.0 

30 

0.06 

0.0 

50 

0.06 

0.03 

30 

0.0 

0.0 

100 

0.0 

0.02 

300 

0.001 

0.0 

30 

3 

1.0 

1.9 

80 

0.0 

0.05 

200 

0.005 

0.0 

25 

4 

0.2 

0.3 

30 

0.2 

0.0 

ro 

0.0 

0.05 

130 

0.006 

0.0 

20 

5 

0.6 

1.4 

30 

0.6 

0.0 

50 

0.04 

0.0 

70 

0.03 

0.0 

90 

0.009 

0.0 
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5.0  CONCLUSIONS  AND  RECOMMENDATIONS 


Several  studies  have  been  conducted  In  recent  years  in  some  of  the 
NATO  countries  to  determine  the  possibility  of  reducing  existing  explosive 
QD  criteria  for  the  siting  of  hardened  aircraft  shelters.  The  efforts  in 
these  studies  have  mainly  been  directed  toward  examining  the  post-explosive 
blast  and  debris  environment  and  assessing  the  damage  potential* to  structures 
and/or  persons  near  the  aircraft  shelter  at  the  time  of  explosion.  Conclu¬ 
sions  for  the  first  two  phases  of  this  study  -  the  analytical  procedure  to 
predict  the  blast  and  debris  environment  and  the  model  scale  tasks  conducted 
in  scales  1:100  and  1:20  -  indicate  the  QD  criteria  could  be  reduced  (see  Ref¬ 
erence  1) .  Reproducibility  of  breakup  patterns  and  debris  trajectories  in  the 
1:100  and  1:20  scale  tests  of  the  Norwegian  shelter  suggests  that  the  prototype 
should  fragment  in  a  similar  manner  to  the  rupture  patterns  observed  in  the 
tests,  with  differences  in  reinforcement  taken  into  account.  The  measured  ex¬ 
ternal  blast  field  was  similar  in  all  tests,  too.  Also,  the  location  of  concen¬ 
trated  debris  after  an  explosion  appears  to  be  quite  directional  in  both  scales 
of  the  Norwegian  model  tests  and  in  the  full-scale  U.S.  DISTANT  RUNNER  tests. 
This  reproducibility  and  directionality  in  the  tests  provide  a  strong,  feasible 
data  base  for  the  prediction  of  human  damage  levels  in  phase  3  of  the  study 
described  in  this  report. 

The  results  of  phase  3  are  summarized  in  Section  4  for  a  person  in 
the  open,  a  person  in  a  two-story,  reinforced  concrete  building,  and  a 
person  in  a  one-story  wooden  building.  Based  on  the  fragment  data  base  ex¬ 
tracted  from  the  test  results,  the  probability  or  expectation  of  Lethality 
due  to  blast  and  fragments  should  be  the  governing  factor  in  defining 
boundaries  of  the  hazard  produced  from  an  accidental  internal  explosion 
in  a  shelter,  although  other  levels  of  injury  from  the  blast  wave  alone  are 
reported.  For  a  person  in  the  open,  100  percent  survival  from  blast,  damage 
is  expected  at  35  m  for  a  10,000  kg  charge  and  at  27  m  for  a  5,000  kg  charge. 
However,  the  probability  of  fragment  impact  damage  forces  the  definition  of 
a  hazard  past  1200  n  in  one  direction  (zone  1)  for  the  10,000  kg  case  and 
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past  1000  m  la  that  same  direction  for  the  5,000  kg  case.  The  hazard 
boundary  for  a  person  In  the  open  is  not  symmetrical  around  the  Norwegian 
shelter  because  the  charge  is  not  centered  in  the  shelter.  It  is  stressed 
that  the  hazard  distances  reported  here  are  highly  directional. 

For  a  person  in  a  two-story,  reinforced  concrete  building  or  a  one- 
story  wooden  building,  the  hazard  is  defined  solely  in  terms  of  probability 
or  expectation  of  lethality  due  to  fragment  impact  -  either  impact  of  haz¬ 
ardous  building  debris  caused  by  damage  from  the  blast  wave  (mode  1)  or  im¬ 
pact  of  debris  caused  by  shelter  fragment  impact  on  a  building  (mode  2). 

The  mode  1  hazard  distances  reported  for  a  person  in  a  building  are  symmetri¬ 
cal  because  the  external  blast  field  was  defined  symmetrically.  The  mode  2 
hazard  based  on  fragment  impact  is  again  defined  by  zones.  The  procedure 
described  in  Section  4.0  for  determining  the  mode  1  and  2  hazards  provides 
an  assessment  of  the  danger  to  persons  in  buildings  near  an  explosion.  How¬ 
ever,  the  results  summarized  are  for  the  example  buildings  used  to  illustrate 
the  procedure.  To  define  a  hazard  for  a  specific  site,  the  procedure  would 
need  to  be  repeated  for  each  building  type  (or  at  least  the  most  vulnerable 
building)  in  the  area  around  an  aircraft  shelter. 

It  is  strongly  recommended  that  a  comparison  be  made  between  the 
Norwegian  model  test  results  and  the  full-  and  model  scale  test  results 
for  the  U.  S.  shelter  when  the  U.  S.  model  tests  have  been  completed.  There 
are  differences  in  construction  and  in  loading  densities  tested  between  the 
Norwegian  and  U.  S.  shelters,  but  items  such  as  rupture  patterns,  direction¬ 
ality  of  debris  throw,  and  fragment  trajectories  should  be  compared.  Also, 
model  tests  to  examine  damage  to  reinforced  concrete  buildings  and  other 
building  types  caused  by  blast  and  debris  Impact  from  a  shelter  explosion 
would  prove  extremely  useful  in  quantifying  the  qualitative  estimates  for 
the  amount  of  floor  space  affected  by  different  degrees  of  building  collapse. 
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